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ABSTRACT
The solid oxide fuel cell (SOFC) with its high energy conversion efficiency, low
emissions, silent operation and its ability to utilize commercial fuels has the potential to create a
large impact on the energy landscape. Although SOFCs do not require noble metal catalysts, it
has the disadvantage of having to operate at elevated temperatures (>8000 C) due to the poor
catalytic activity of the oxygen reducing cathode.
This thesis research is focused on identifying the fundamental reaction mechanisms and
pathways for oxygen reduction reaction (ORR) in transition metal oxide cathodes to enable lower
operating temperature and improve device performance. The approach used here involves dense
and thin-film microelectrodes of Lao.sSro.2M0 3-d (M = Mn and Fe) supported on thin film 8YSZ
electrolyte that was fabricated via microfabrication/photolithography techniques. These
microelectrodes were then probed mainly via electrochemical impedance spectroscopy (EIS)
under varying temperature, oxygen partial pressure, microelectrode size/thickness, and applied
polarization potential to determine the rate-limiting step(s) during ORR.
For La0.8Sr0.2MnO3-d (LSM), at least four reaction or transport process have been
identified from EIS; (i) ion conduction in 8YSZ, (ii) possible surface diffusion on LSM, (iii)
surface exchange reaction on LSM and (iv) TPB/bulk charge transfer on LSM. The rate-limiting
step and the relative contribution of ORR current from the bulk and three-phase boundary
pathways were found to vary with temperature. This was quantified by correlating
microelectrode geometry to the impedance.
For Lao.sSr0.2FeO3-.d (LSF), overall impedance was found to be at least one to two of
magnitude smaller than LSM. Three reactions or transport processes were observed that were
attributed to (i) ion conduction in 8YSZ, (ii) possible surface diffusion on LSF and (iii) oxygen
surface exchange reaction on LSF. The bulk pathway was found to be dominating down to 5700 C
and surface exchange as the rate-limiting step.
Studies to probe the surface reaction mechanisms showed that oxygen exchange
coefficients (kchem) were highly dependent on material electronic properties rather than oxygen
vacancy contents. Using polarization potentials, kchem was found to be increased by up to 1 order
of magnitude due variations in lanthanum elemental contents on the microelectrode surface.
Design principles for thin-film based cathodes are proposed to enhance performance of
SOFCs operating at <7000 C. For dense and thin-film electrodes, enhancement of surface
exchange rates via physical or chemical modifications is critical to enhancing surface catalytic
activity. Use of internal microstructure with large grain boundary fractions to improve bulk
oxygen transport is important, especially in LSM, for reducing ion transport losses.
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Chapter 1. Introduction
1.1 Motivation
Climate change has been thrust to the forefront of the world's attention with the
awarding of the 2007 Nobel Peace Prize shared by the Intergovernmental Panel on
Climate Change (IPCC) and Albert Arnold (Al) Gore Jr. for their combined efforts in
spreading the message about man-made climate change. The IPCC, established in 1988,
has since created a wider consensus about the connection of human activities and its
direct effect on climate change. Al Gore, one of the world's leading environmental
politicians was one of the first to grasp the serious issue posed by global warming having
held the United States Congressional hearings on the subject in the late 1970's'.
Climate change is defined as being related to the variation in global or regional
climates over time that can be caused by processes internal to the Earth, such as volcanic
activity, or external forces such as variations in sunlight intensity and in particular human
activity. According to the IPCC, climate change is 90-95% likely to have been in part
caused by human actions2.
Figure 1, from a recent study by Meehl et al.3, decouples five different forcing
factors with the degree of correlation associated to temperature changes. The top of
Figure 1 shows the observed and modeled Department of Energy Parallel Climate
Change Model (DOE PCM) temperature variations since 1900 with the grey bands
indicating the 68% and 95% range for natural variability in temperature relative to
calculated results. The single black line indicates the actual observed temperature change
in degrees Celsius. In the lower portion of the graph, the decoupled forcing factors are
shown individually. The cumulative effect on climate change can be taken as the sum of
all five forcing factors and it can be noted that the late twentieth century warming is
caused mainly by man-made emissions of greenhouse gases. From this study, it is clear
that variations in other forcing factors are less correlated to the increase in global
warming and human activities are primarily to blame.
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Figure 1: Five forcing factors that affect climate change and its cumulative effect
on the average global temperature change. Adapted from reference 3.
To examine the greenhouse gases (GHG) mix in the atmosphere, there are three
primary types generated by human activity and these are (i) carbon dioxide (CO 2), (ii)
methane (CH 4) and nitrous oxide (N20). Out of these three main GHG's, CO2 accounts
for over 70% of the total emissions with 50% of this coming from burning of fossil fuels
in three key sectors; (i) industrial processes, (ii) power stations and (iii) transportation.
The International Energy Association (IEA), based in Paris, predicts that world
energy consumption will grow by over 50% in the next 25 years from an estimate of 447
quadrillion British thermal units (Btu) in 2004 to 703 quadrillion Btu in 20304. A
majority of this growth is expected to come from the world's developing nations or
nations outside of the Organization for Economic Cooperation and Development (OECD)
and over 80% of this energy is expected to be met from burning fossil fuel sources4, as
shown in Figure 3. (For reference, 1 quadrillion btu is equivalent to the energy contained
in 172 million barrels of crude oil).
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Figure 2: World Energy Consumption breakdown by (a) region and (b) type of fuel source.
Reprinted from reference 4.
Clearly, these projected growths in energy consumption will further exacerbate
the global warming phenomenon that we are currently facing. The result of the twentieth
century's rapid industrialization has increased CO 2 concentration in the earth's
atmosphere from a historic maximum of -300 ppm to current 2007 estimates of -382
ppm . It is still unclear what kind of catastrophic harm these historic levels will
ultimately bring, however, it is apparent that some drastic measures need to be made as
the earth is nowhere close to running out of fossil fuels, as shown in Figure 4.
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Figure 3: Statistical data from BP showing reserves to production ratio that predict time
until fossil fuels will be used up. Adapted from BP Global Report 2007.
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A recent paper by Pacala and Socolow 6 have suggested that at the current rate of
CO 2 emissions, -7 gigatons of carbon per year (GtC/yr), a business-as-usual (BAU)
trajectory given the developing country growth rates would push emissions to more than
double to -14 GtC/yr. To help stabilize the global CO 2 level to a -500±50 ppm (and
possibly sustainable) level, fifteen different options were proposed to work in tandem to
reduce the carbon emissions using these technology wedges that could remove up to
1GtC/yr (see Figure 5). These technology wedges range from reducing transportation
requirements to sequestering CO 2 from coal-fired power plants.
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Figure 4: Stabilization wedges for flat GHG emissions trajectory.
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Adapted from reference 6.
This is where fuel cells come into the picture and help alleviate the growth of
carbon emissions by providing (i) efficiency gains in power generation, (ii) allowing for
distributed energy capabilities that eliminate power transmission losses and (iii)
providing renewable fuels capabilities. The potential of fuel cells for large impact on the
carbon stabilization wedge for power generation and transportation thus provides a large
motivation for our studies.
1.2 Fuel Cells
In a conventional power plant, chemical energy from the fuel is converted into
electrical energy using three general steps as shown in Figure 5a; (i) Heat generation by
BAU trajectory
::
w
burning fuel using a flame or spark, (ii) conversion of thermal energy into mechanical
energy through a piston or turbine, and (iii) conversion of mechanical energy into
electrical energy by a generator. The efficiency of conventional power plants is then
limited by the Carnot efficiency at the thermal step and further losses are acquired via
heat and friction losses.
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Figure 5: Energy conversion steps from (a) conventional power plant in comparison to (b) fuel
cell power plant.
A fuel cell, on the other hand, directly converts chemical energy in fuels directly
into electrical energy, shown in Figure 5b, that dramatically improves the overall
efficiency of the power generation system. In addition, the fuel cell contains no moving
parts significantly reducing friction losses and providing a quieter and cleaner power
generation source.
The origins of the fuel cell can be traced back to Sir William Grove7 who in 1839
explained its operating principles by demonstrating the reversibility of water electrolysis
using a liquid electrolyte and platinum electrodes. In 1889, Mond and Langer developed
the first application of a fuel cell by using coal-gas as the fuel source and obtained a
current of 6 A/ft2 at 0.73 volts using thin, perforated platinum with an earthenware plate
impregnated with dilute sulfuric acid. This translates to a power density of 2 mW/cm2.
However, it was not until 1932 that the first successful fuel cell was developed by
Francis Bacon that operated on H2 and 02 gases using an alkaline electrolyte and nickel
electrodes. It took Bacon until 1959 to optimize this system when he demonstrated a 5
kilowatt (kW) fuel cell that powered a welding machine. In October of the same year,
Harry Karl Ihrig also demonstrated a 20-horsepower (-14.9kW) fuel cell that ran a tractor,
the first-ever vehicle powered by this type of device. Finally, in the late 1950's, fuel cell
development got a boost from NASA when it found that these systems could generate
electricity in a compact way for space missions and proceeded to fund over 200 contracts
for this technology. From this point forward, numerous fuel cell types had been
developed for the space race and, today, six fuel cell types are commonly known. These
primary fuel cell types are listed in Table 1 below with their type of electrolyte, fuel,
ionic charge carrier, electrode catalyst, typical operating temperature, projected electrical
efficiency, and primary electrode contaminants.
Table 1: Primary Types of Fuel Cells
ProtonProton Phosphoric Molten
Fuel Cell Type Exchange Alkaline Acid Carbonate Solid OxideMembrane (AFC) (PAF) (SOF(MCFC)
(PEMFC)
Solid Polymer; Liquid; Liquid; Liquid; R2C0 3  Solid;
Electrolyte Nafion" KOH H3PO4  (R = Li or K) Y20 3-doped ZrO2
Fuel H2  H2  H2  H2, CH 4, CO H2, CH 4, CO
Ion Charge I H +  CO 32- 02-
Carrier
PlatinumElectrode Catalyst Platinum or Oxide Platinum Nickel Oxides, Nickel
or Oxide
Operating 65-85 0C 90- 2600C 175-200 0C 650 0C 800-10000 CTemperature
Electrical
Efficiency %, 40% 40% 40% 60% 60%
HHV
Primary CO CO CO Sulfur SulfurContaminants
1.2.1 Fuel Cell Operating Principles
A fuel cell is an electrochemical device that converts chemical energy of a fuel
directly into electricity. As with any electrochemical device, it is composed of three
essential components - the anode, cathode and electrolyte. Both anode and cathode, also
called electrodes, are typically porous and sandwich a dense, gas-tight electrolyte as
shown in Figure 6a. The electrolyte serves as an electronic insulator that only allows ions
to conduct through.
Fuel cells operate by supplying fuel, typically H2, to the anode and oxidant,
typically 02, to the cathode. The electrons generated from the electrochemical reactions
at the anode then travel across an external load towards the cathode where oxygen
becomes reduced. In low temperature proton exchange membrane fuel cells (PEMFC),
protons (H÷) are transported across a Nafion ® polymer electrolyte towards the cathode
where water is then generated as the product, shown in Figure 6a. In contrast, with high
temperature solid oxide fuel cells (SOFC), oxygen ions (02) are transported across a
zirconia-based electrolyte towards the anode where water is generated, shown in Figure
6a. Using hydrogen as the fuel and oxygen as the oxidant, the corresponding electrode
and overall fuel cell reactions are detailed in Figure 6b.
02
e--
02
H20'
Reactions
Cathode: H2(g) - 2e + 2H +
Anode: /202(g) + 2e- + 2H + - H20
Overall: H2(g) + 1202(g) H20
Thermodynamics (298K, latm)
AG' = 237 kJ/mol
EO = 1.23V
(b)
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Figure 6: Operating principle of a fuel cell using H2and 02 as fuel and oxidant, respectively.
The potential difference or voltage observed across the cell when no current is
flowing is called the open circuit voltage (OCV). This is captured by the Nernst equation
that can be written as:
RT -IaProd "Erxn = In
rxn nF Flareact
Equation 1
where EK is the equilibrium voltage at standard pressure (1 atm) at a specific operating
temperature, Rg is the universal gas constant (8.314 J/mol-K), T is temperature in Kelvin,
n is the number of electrons transferred, F is Faraday's constant (96,500 C/mol) and a,
are the activities of the reactants and products along the electrode/electrolyte interface. In
the case of gases, these can be treated ideally with activity being equivalent to the gas
partial pressure (Pi), for 02 this is written as Po2. EO can be determined using the
equation:
E AG °
E 
-
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Equation 2
where AGO is the Gibbs free energy for the reaction at standard pressure. For H2-0 2
reaction detailed in Figure 6, at a temperature of 298K, AGo is -237 kJ/mol and using
Equation 2 gives an EK of -1.23 V. For a PEMFC, operating at 800C, AGo is -228 kJ/mol
giving an Eo of 1.18 V. In contrast for SOFCs operating at 8000C, AGO is -187 kJ/mol
giving an EK of 0.98 V. The decrease in AGO at higher temperature is due to the increased
entropic loss (AGo==AH-TAS") that lowers the EO.
When current starts to flow across the fuel cell, the typical voltage and current
characteristic is shown in Figure 7 where a decrease in voltage is found at higher current
density.8 The source of the decrease in the voltage arises from contributions from (i)
ohmic polarization, (ii) activation polarization and (iii) concentration polarization.
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Figure 7: Typical current-voltage (I-V) curve for a fuel cell operating on H2 and 02.
Adapted from reference 8.
Ohmic polarization (71ohmic) fundamentally arises from the resistance to flow of
ions or electrons at the electrolyte and electrodes, respectively. In fuel cells, however, the
majority of ohmic losses come from the resistance to ion conduction at the electrolyte so
that electronic losses can be ignored. The ohmic polarization can be simply represented
by the expression:
7lohmic = iR
Equation 3
where i is the current density (A/cm2 ) and R, expressed in Equation 4, is the resistance in
ohms (2) is directly proportional to ionic conductivity (oo,,), electrolyte thickness (1) and
inversely proportional to the fuel cell cross-sectional area (A).
AR-=-
Equation 4
Activation polarization (r/act), on the other hand, is associated with the reaction
rate of the chemical species at both electrodes that results in a voltage loss. This can be
quantified using the relation between i and 1/act that is captured by the Bulter-Volmer
equation expressed as:
=10 exp[anF; ac (1 - a)nFiact,RT RT
Equation 5
where io is the exchange current density (A/cm2) and ox is the transfer coefficient (0O5<l)
that factors in the symmetry of the reaction energy barrier. All other parameters have the
same definition. io is a fundamental characteristic of electrode behavior and is defined as
the rate of oxidation or reduction occurring at zero current flow and, therefore, is a
critical parameter to reduce r7act. In the case of low overpotentials, when qact is
significant, Eqn 5 can be simplified, since exp(x) - I+x for small x, to the following
expression:
nFFacti = io  (i)
RT
a, i 0 i= ) (ii)
Equation 6
RT
The term i.nF) is also called the charge transfer resistance, Rct. The process of
charge transfer has long been known in solid-state electrochemistry to occur at or near the
vicinity of the gas phase, electrode and electrolyte phases. This area is known as the
three-phase boundary (TPB) where the three phases meet. Therefore, to reduce 17act in
fuel cell electrodes, catalysts with higher io are required to enhance reaction kinetics at
low current density. In addition, large amount of TPB are also required as these are the
active sites for catalytic reactions to further lower Rc1.
A third and final contribution to voltage loss is concentration polarization, rconc,
which becomes apparent particularly at high current density. A voltage drop occurs as a
result of decrease in reactant activity or gas partial pressure along the
electrode/electrolyte interface due to transport deficiency for the reactants. This results in
02 or H2 deficiency at the cathode or anode/electrolyte interface. Another contributing
aspect that could occur, only in the anode for SOFCs, is slow removal of H20 product.
This decreased gas pressure can be quantified by the expression:
RT i alntelfce RT ( PinterfaeceAV= ln ' i =- ln
nF aackgound nF pbackground
Equation 7
Assuming that at the maximum current density, iL, the voltage reaches zero since fuel is
used up at the rate it is being supplied, we can then make the simplifying assumption that
the pnteace will also fall to zero. Assuming pinteace decreases linearly to zero as it
approaches iL, then we can track pinteface at any current density using the formula:
Pinterface P= background( 1 - 1
Equation 8
By substituting Equation 8 into Equation 7, we can then obtain the expression for
concentration polarization as:
RnF ( i
Equation 9
To minimize this term, physical electrode parameters such as porosity,
microstructure and tortuosity need to be controlled to allow for fast transport of reactant
gases to the interfaces along with rapid removal of products.
The operating voltage of a fuel cell can then be written with the loss contributions
from the losses detailed above and given by:
Eoperation = Erxn - (i7ohmic + T1activation + ?7conc)
Equation 10
The operating efficiency of the fuel cell can be calculated using AGO, Eoperation, and
the fuel utilization efficiency,f, that is the fraction of fuel consumed over what is
electrochemically utilized and is expressed as:
Efficiencyoverat EpEraG f
Equation 11
Chapter 2. Oxygen Reduction in Solid Oxide Fuel Cells
2.1 Background SOFC Technology
In 1899, Nernst9 first discovered the solid electrolyte stabilized zirconia that
transported oxygen ions. By 1937, Baur and Preis'o demonstrated the first working
SOFC operating at 10000C using stabilized zirconia as the electrolyte. SOFCs are unique
in that they are all solid-state, do not require a Pt-based catalyst, and have demonstrated
efficiencies >50% and can utilize hydrocarbon fuels directly due to its high temperature
operation.
The basic structure of an SOFC is similar to that of any fuel cell, consisting of
two electrodes (anode and cathode) separated by an electrolyte with the electrodes
connected via an external circuit as detailed in Figure 6. The key attribute that allows
SOFCs to utilize hydrocarbon fuels is the stabilized zirconia electrolyte. Unlike Nafion®
that is a proton (H÷) conductor and requires pure hydrogen, zirconia conducts oxygen
ions (02), facilitating the oxidation of any carbon or hydrogen containing fuel.
In normal operation, individual SOFC cells are stacked in parallel or series
connections and connected by a ceramic or metallic interconnect to increase voltage and
obtain practical power output. Standard SOFC designs have taken on numerous forms
and the more prominent planar and tubular configurations are shown in Figure 8.
Figure 8: Two of the most standard SOFC designs used today. Adapted from reference 11.
Efforts have been focused on the development of solid oxide fuel cells (SOFCs)
over the past forty years. The main thrust during the 1960's to late 1980's was towards
AnM
large-scale SOFC systems (-~100 kW to several MW's) that operated at temperatures in
the range of 8000C to 10000C. This high temperature operating range was due to
envisioned integration with gas turbine power plants. Only in the last decade has there
been more focused development of intermediate-temperature solid oxide fuel cells (IT-
SOFCs) for micro combined heat and power (micro CHP) plants (on the order of several
kW's) operating in the range of 4000 C to 7000C. 12 These IT-SOFC systems are foreseen
as stand-alone units that can provide distributed power for residential and commercial
settings as well as auxiliary power (APU) for mobile and military purposes. They can
also be used as uninterruptible power sources (UPS) for critical electronics applications.
Recent SOFC research and development efforts were intensified when in the fall
of 1999, the U.S. Department of Energy (DOE) launched the solid state energy
conversion alliance (SECA) (http://www.seca.doe.gov). The goal of this alliance was to
further the development of SOFC technology and accelerate this to the point of
commercialization via the fastest route possible over the next decade. The stated target
was to manufacture SOFC systems that could be mass produced, be modular in form, fall
in the 3-10kW power output range, and finally hit a target cost of $400/kW. SECA set an
initial target of 300 mW/cm 2 at 0.7 V and 80% fuel utilization for commercial size single
cells.
2.2 Technical Challenges
Conventional solid oxide fuel cells (SOFCs) typically consist of an 8 mol% Y20 3-
stabilized ZrO2 (8YSZ) electrolyte, a porous Lal,,SrxMnO 3 (LSM) cathode, and porous
nickel-8YSZ (Ni-8YSZ) anode. These conventional fuel cells operate at 8000C to
10000 C for enhanced power and minimized resistance losses 13 and have been shown to
be robust and successfully operate continuously for several thousand hours. 14 However,
due to the cost associated with materials requirements at high temperatures, bringing to
market these technologically proven cells has been slow.15 One strategy that has been
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Figure 9: Schematic of SOFC systems from (a) Delphi for automotive auxiliary power unit and(b) stationary unit from GE, both are <10 kW systems. Images sourced from www.seca.doe.gov
widely adopted in the field is to lower the operating temperature <7000C. 16-18 At these
temperatures, SOFC components can be made with easier and cheaper to manufacture
metals, in addition to simplifying gas sealing and enhancing system robustness.
In a well-known study by Steele,19 the ideal performance of SOFCs in
commercial applications was examined. It was noted that a power output of 0.5W/cm 2 at
85% fuel utilization was a realistic target to be achieved for widespread device adoption.
From this theoretical power output, it was then conceived that singe cells must operate at
0.7V and 0.7A/cm 2 (-0.5W/cm2) to achieve the target performance. Therefore, at
-800 0 C, this results in a total cell potential loss of 0.3V using a cell OCV of 1.OV. From
this potential loss, an overall cell resistance of -0.432 (0.7A*0.43Q2 = 0.30V) or lower
must be achieved. Using a 1cm 2 cell for reference, this translates to a cell area specific
resistance (ASR) of 0.430-cm2. Assuming each of the cell components absorbs 1/3 of
the resistance, this results in an ASR budget less than 0.15f-cm2 for the anode,
electrolyte and cathode.
One strategy that has been widely adopted to meet the ASR budget for the
electrolyte, since this is a purely ohmic loss proportional to geometry, has been to use
thin-film electrolytes. As shown in the diagram in Figure 10, for 8YSZ, to obtain the
target 0.150-cm2 ASR value, a thickness of 15ýtm or less is required for operation at
-70 0*C. Using significantly higher conductivity materials, such Gd20 3-doped CeO 2
(GDC), the same 15 im film would enable operation at temperatures down to -4000 C.
For the anode, the standard Ni-YSZ ceramic metal (cermet) composite, invented
by Spacil 20 over three decades ago has been the workhorse material and remains little
altered to this date. The reason for its long persistence is captured by the plot of voltage
loss from individual SOFC components as a function of temperature, shown in Figure 11.
It can be observed that the voltage loss from the Ni-YSZ cermet at a current density of
1A/cm 2 is a constant 0.15V down to 6500C. This results in an ASR -0.15Q2-cm 2 and is
well within the resistance budget outlined by Steele. 19 One reason behind this is the high
activity of Ni to oxidizing H2.
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Figure 10: Plot showing ionic conductivity of widely used electrolyte as a function of
temperature with electrolyte thickness plotted as reference on right hand vertical axis.
Reprinted from reference 19.
LSM is currently the most widely used cathode in SOFCs.21 From Figure 1 la-b, it
can be seen that the main barrier to acceptable SOFC performance is the voltage loss
from the LSM cathode where the oxygen reduction reaction (ORR) occurs.22' 23 In
Figure 11 a, the absolute voltage drop in a typical SOFC is detailed with the cathode
contributing the highest loss over the entire temperature range evaluated. For Figure
1 ib, the plot of ASR vs. temperature shows the cathode ASR increasing exponentially
with decreasing temperature and taking up to half of the total ASR of the SOFC.
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Figure 11: Separated voltage losses in a conventional SOFC using LSM cathode, 8YSZ
electrolyte and Ni-YSZ anode at 8000C to 6500C. Over 50% of voltage loss comes from ORR
in the LSM cathode. Adapted (a) and (b) from references 22 and 23, respectively.
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2.3 Cathode Materials Selection
The SOFC cathode requires certain chemical and physical properties for
enhanced performance and long-term operation. The three most critical criteria for
suitable cathodes are as follows:
1. High electronic and ionic conductivity for oxygen
2. Chemically compatible with neighboring components (primarily the electrolyte)
3. Thermal expansion coefficient similar to the electrolyte
The overall ORR reaction in the SOFC cathode can be written as:
0 2 (g) + 4e- + 2Vo -- 200
Equation 12
where V- is an oxygen vacancy, e- is an electron and O0 represents an oxygen ion in the
cathode or electrolyte lattice. However, Equation 12, in practically all SOFC conditions,
is composed of numerous elementary reaction steps. These steps can be surface or bulk
related such as adsorption, dissociation, electronation and diffusion, as schematically
illustrated in Figure 12. In addition, depending on the type of cathode catalyst, whether it
is a pure electronic conductor or mixed ionic electronic conductor (MIEC), the ORR
reaction may take one or more pathways to finally reach the electrolyte. Figure 12 shows
possible reaction scenarios for (a) pure electronic conductor with only surface pathway
and (b) a MIEC material with dual surface and bulk pathways available.
In the quest of understanding the active pathways during ORR and the
corresponding rate-limiting step along the dominant pathway, numerous studies have
been employed including techniques such as cyclic voltammetry, 24' 25 steady state
polarization,2 6 isotope exchange, 27"31 electrochemical impedance spectroscopy (EIS) 26, 32-
48 and actual fuel cell testing.38 ' 44, 49-54 These different studies are important and have
provided critical insight into the elementary reactions occurring during ORR. However,
for the purpose of this thesis, we solely focus on EIS due to the following reasons:
1. EIS is an experimental tool that allows the separation of ORR processes
occurring on the surface, bulk and electrode-electrolyte interface in the
time domain.
2. EIS allows the possibility of identifying multiple rate-limiting steps
occurring during ORR.
As ORR at the cathode surface/bulk and interface between cathode/electrolyte is
often influenced by more than one rate-limiting step, EIS provides a means of identifying
these as long as their reaction time constants do not overlap.
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Figure 12: Schematic of possible elementary reaction steps during ORR and possible
pathways for two different classes of cathode materials; (a) pure electronic conductor and (b)
MIEC cathodes.
It is well known that the ORR activity of SOFC cathodes for the perovskite type
material ABO3 is highly dependent on the B-site transition metal dopant that modulates
the level of oxygen vacancies in the material bulk.30, 44, 55-58 Numerous studies have
shown that the ORR activity is typically highest (lowest ASR) with Ni or Co then
followed by Fe, Mn and finally by Cr or Ti. As shown in Figure 13, the ionic
conductivity of Lal.xSrxCoO 3.d (LSC) is up to four orders of magnitude higher than LSM
and roughly twice that of Lal-xSrxFeO 3-d (LSF). However, the poor chemical stability59
and large thermal expansion mismatch 60 of LSC with 8YSZ makes this an unsuitable
cathode material candidate. Even so, researchers have demonstrated that in short term
studies that LSC, with the use of a GDC interlayer to prevent chemical reaction with
8YSZ electrolyte, has ASR values as low as 0.04KI-cm2 at 8000C. 6 1
Recently, despite its lower electrical conductivity 62, LSF has been identified as
one of the best candidates to replace LSM for below 8000C operation. 52 With its
enhanced ionic conductivity, see Figure 13, and improved chemical stability with YSZ,63
the LSF material is one of the most obvious pathways for a next-generation cathode
material. Ralph and coworkers 51, 64 have demonstrated ASR as low as 0.04_-cm 2 at
800'C, in line with the results obtained from inherently higher performing LSC material.
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Figure 13: Plot of ionic conductivity for LSC, LSF and LSM. Adapted from reference 51.
Nonetheless, according to Mobius,' l despite the drawbacks of LSM, it has been
the material of choice since the early 1970's due to its high electrical conductivity, good
thermal expansion matching with YSZ by proper Sr-dopant level selection, excellent
chemical stability, reasonable catalytic activity to oxygen and relatively low material cost.
To further push the envelope of SOFC development, knowledge on the underlying
mechanisms that occur during ORR are critically required. In addition, determining the
rate-limiting reactions at a wide range of operating conditions and varying material types
is essential to minimizing voltage losses at the cathode. These advances will lead to high
performance SOFCs at intermediate temperatures and is the aim of the research.
2.4 Aims and Approach of the Thesis
In this thesis, the aim is to answer the open questions that hinder the development
of SOFC cathodes with excellent activity at temperatures below 7000C. In engineering
current (i.e. LSM) or new (i.e. LSF, etc.) cathode materials for optimal performance at
lower temperatures, the following questions must be addressed:
* What are the pathways that are active during ORR in LSM and LSF?
* Does the pathway dependence change as a function of temperature for these
materials?
* What is the relative contribution of each pathway to the overall oxygen reduction
current?
* What are the rate-limiting reaction steps in the dominant ORR pathway?
* How can we improve catalyst material properties to reduce the losses from the
rate-limiting step for a given pathway?
* For the surface exchange reactions, what are the mechanisms that control this
process, especially for surface limited reactions?
* Using electrochemical polarization to enhance ORR kinetics, what are the
underlying phenomena for this enhancement?
* What are the implications for materials design at the microstructure level to
improve cathode performance?
* Are there ways to create a hybrid catalyst that would function better than the
advanced cathode materials but still have thermal and chemical stability with
8YSZ?
In this thesis, the approach used to investigate these open questions is summarized by
the schematic in Figure 14. The approach used here shifts away from the well utilized,
high surface area porous electrodes and deals with fabricating dense and thin-film
cathodes with well-known geometrical features for quantitative correlation with ORR
kinetics and transport. This type of testing platform allows for isolated probing of
chemical interactions between 02 molecules and cathode surface, understanding reaction
surface chemistries, and probing the pathway dependence for bulk and tpb, with precise
control on materials and interfaces, in addition to the standard variables of temperature,
voltage, P0 2, and electrochemical treatment.
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Figure 14: The approach of the thesis is to transition from high surface area porous electrodes and
convert this to simplified model microelectrodes that are thin and dense films to allow direct
quantification of geometry to oxygen reduction resistance.
2.4.1 Structure of the Thesis
As a start, in Chapter 4, a literature review of past and more recent ORR studies in
LSM is made to give the reader a glimpse of the state-of-understanding in the area.
Select porous electrode studies are covered that focus, in particular, to those that utilize
EIS techniques. Further emphasis is placed on the more recent thin-film or patterned
LSM electrodes that utilized EIS and provide deeper insights on ORR mechanisms.
Using these studies as a starting point, this thesis work then pushes the envelope of
understanding further by providing contributions on the pathway dependence of ORR and
the dominant rate-limiting reaction mechanisms as a function of temperature and
electrode geometry.
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In Chapter 5, the surface oxygen exchange on sub-100nm LSM films is examined.
A literature review of the techniques utilized to probe surface exchange in equilibrium
and under electrical/chemical driving force is made along with the results from these
studies. The rate-limiting mechanisms deduced from the recent literature are then
explored. For this thesis work, surface oxygen exchange on LSM is isolated using 65nm
dense and patterned LSM films that are tested as a function of varying Po2. The resulting
findings are then compared and correlated with literature reported reaction mechanisms
responsible for the surface exchange process. In addition, comparison of surface
exchange between LSM and LSF materials are made.
In Chapter 6, the electrochemical enhancement of LSM catalytic activity by
application of polarizing potential is examined. Literature reports showing LSM catalytic
enhancement due to polarization potentials are reviewed along with the attributed
mechanisms for higher activity. In this thesis contribution, polarization of patterned LSM
microelectrodes is performed along with surface elemental studies via Auger electron
spectroscopy to determine the variations in chemical content on the surface before and
after polarization. In addition, independent Auger study of stoichiometric powder LSM
samples is made for comparison.
Finally in Chapter 7, the microelectrode techniques used for LSM are transferred to
studying the enhanced cathode material LSF. This material has been reported to have
improved electrode activity absent the chemical instability with 8YSZ electrolyte
typically associated with advanced cathode materials. Insights are made into the ORR
pathway for LSF as a function of electrode geometry and temperature. Finally, a
comparison of ORR mechanisms is performed between LSM and LSF electrode materials.
The thesis concludes with a summary of the findings in Chapter 8 and provides
recommendations for future research direction based on the contributions made here.
Chapter 3. Experimental
3.1 Preparation of Dense, Thin-Film and Patterned
Microelectrodes of LSF/LSM
The entire preparation process (film deposition and microfabrication) for the LSM
and LSF microelectrodes is detailed in the schematic shown in Figure 15 below. Further
details for the deposition and microfabrication are contained in the following text.
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Figure 15: Schematic of deposition and microfabrication process for defining thin-film
microelectrodes.
8mol% yttria-stabilized zirconia (8YSZ) (from Praxair Specialty Ceramics, USA)
was initially sputtered on to alumina (A120 3) (from MTI Crystal, USA) and silicon (Si)
single crystal substrates using five-inch diameter stoichiometric oxide targets for 3hrs
using 400W power with argon (Ar) to oxygen (02) atmosphere ratios of 7.5:1. The
deposited films were then annealed in air at 8000C for 3hrs. Lao. 8Sr0.2MnO3-d (LSM) was
subsequently deposited on top of 8YSZ by sputtering from similar five-inch diameter
stoichiometric targets (Praxair Specialty Ceramics, USA) for 2hrs using 300W power
with Ar to 02 atmosphere ratios of 7.5:1 and the substrate heated to temperatures of
around 5500 C. On the other hand, pulsed laser deposition (PLD) was used to deposit
Lao.sSr0.2FeO3-d (LSF) from a one-inch diameter target (Praxair Specialty Ceramics, USA)
on top of 8YSZ. The LSF film was deposited for 2hrs using an excimer laser operating at
248nm wavelength, a 10Hz repetition rate, energy of 500mJ per pulse, and substrate
heating at 8000C.
The microelectrodes were then fabricated by the following process: (i) spin-
coating of positive photoresist (Shipley Microposit, USA) on the LSM and LSF films
followed by photomask exposure with electrode features of 50p~m, 100 m, 150pim and
200•m, (ii) photoresist developing, and (iii) immersion of the LSM film in hydrochloric
acid (HCl) for -3minutes to remove excess LSM or LSF and create the square
microelectrodes. The finished LSM and LSF microelectrodes consisted of 10 to 30
arrayed square sets of multiple samples. The bi-layer films that consisted of as-deposited
LSM or LSF microelectrodes, 8YSZ thin film supported by A120 3 or Si substrate were
subsequently annealed in air at 8000C for 10hrs before any electrochemical
measurements were performed.
Platinum (Pt) counter electrodes with dimensions of-50gtm x -2mm were
positioned -~10p~m to -40ýim away from the LSM microelectrodes by photolithography
and Pt sputtering. Negative photoresist (Clariant, Switzerland) was spin-coated on top of
the annealed LSM and LSF microelectrodes, which was followed by photoresist exposure
under photomask and photoresist developing to outline the Pt counter electrode areas. Pt
was then sputtered on the developed photoresist for 20 minutes with 100W power in pure
argon atmosphere. Excess Pt was finally removed by photoresist liftoff using acetone.
Further details on the fabrication and photolithography processing of the microelectrodes
can be found in a previous study.65 The completed bi-layer films are referred to as
A120 3/8YSZ/LSM, Si/8YSZ/LSM and A120 3/8YSZ/LSF in the remainder of the thesis.
3.2 Elemental and Structural Analyses
Surface elemental analysis of the deposited and annealed transition metal oxide
films was performed using a combination of X-ray photoelectron spectroscopy (XPS)
(Ultra Imaging XPS from Kratos, USA) and/or auger emission spectroscopy (AES)
(Model 660 Scanning Auger Microprobe from Physical Electronics, UK). XPS was
performed with a monochromatized aluminum X-ray source (Al K ) emitting at 1486.6
eV at a power of 150 W. The spectra were analyzed using CasaXPS (from Casa
Software).
AES was performed using a lanthanum hexaboride (LaB 6) filament operating at
an accelerating voltage of 10kV and analysis areas were limited to a 10ptm x 10tm area.
Film interior elemental contents were also examined with AES by ion bombardment for
sputtering with Ar+ ions. In AES, the obtained energy spectrum for a particular element
is always situated on a large background (low signal to noise ratio), which arises from the
vast number of so-called secondary electrons generated by a multitude of inelastic
scattering processes. To obtain better sensitivity for detection of the elemental peak
positions, Auger spectra are often shown in differentiated form.
Both XPS and AES equipment were operated with the assistance of Ms. Libby
Shaw of the Center of Materials Science and Engineering.
X-ray diffraction (XRD) patterns of the transition metal oxide samples were
collected using a Bruker D8 multipurpose diffractometer with copper anode (CuKa) using
a 0.5mm beam monochromator. The beam monochromator was positioned 15cm from
the sample, resulting in a 2-theta frame width of 15', and a fixed incident angle of 100. A
scan rate of 60seconds/frame was used from 20' to 650 of 2-theta. All diffraction
patterns were analyzed using the Jade v.7 software package (from Materials Data, Inc. of
Livermore, CA) and compared with standards from the ICCD powder diffraction file.
3.3 Microstructural Characterization
Microelectrode geometry and morphology was examined before and after EIS
testing using optical microscopy and scanning electron microscopy (SEM). LSM and
LSF film thickness was measured using a DekTak profilometer (Veeco, USA). For the
A120 3/8YSZ/LSM sample, the grain structure of the annealed LSM and 8YSZ films was
revealed by cross-sectional transmission electron microscopy (TEM) on a JOEL 2010
operating at 200keV. Cross-sectional TEM samples were prepared by 1) sectioning the
thin-film tri-layer into -3mm x -6mm strips, 2) epoxy-bonding (M-Bond, Vishay Micro-
measurements) with the sputtered films oriented face-to-face, and 3) mechanical thinning
and polishing followed by ion-milling to achieve electron transparency.
3.4 Electrochemical Impedance Spectroscopy (EIS)
EIS measurements of annealed LSM and LSF microelectrodes was performed
using a microprobe station (Karl Suss, Germany) equipped with an optical microscope
(Mitutoyo, Japan) and temperature controlled stage (Linkam TS 1500, UK), which was
situated on a vibration isolation table. The LSM or LSF and Pt microelectrodes were
electrically contacted using Pt-coated tungsten carbide probe needles with 7ptm tip radius,
which could be carefully positioned via micromanipulators. EIS measurements were
conducted with a Solartron 1260 Frequency Response Analyzer (FRA) connected to a
Solartron 1296 dielectric interface.
Standard EIS tests were conducted in the frequency range from -10MHz to
-~100ftHz using an AC voltage amplitude of 10mV with zero DC bias in the temperature
range of 790'C to 5700C under ambient air atmosphere. The actual sample temperatures
were observed, using a thermocouple contacting the thin-film surface, to have a deviation
of +50 C for each temperature point measured. Four different microelectrode sizes were
tested, ranging from -50tim to -200 tm in size. Three EIS tests were performed at each
temperature interval to ensure data reproducibility. An image of the microprobe station
testing equipment and schematic of the in-plane testing configuration and the two-
electrode Pt and LSM/LSF cell is shown in Figure 16.
To clarify the influence of the Pt counter electrode on EIS data, identical Pt
counter and working electrodes were tested and the impedance of these Pt-Pt cells were
found to be less than 5% of the total LSM impedance at the largest working electrode size
and highest temperatures tested making the Pt counter electrode contributions negligible.
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Figure 16: EIS experimental setup for microelectrodes used in this study. The samples
were placed on a hot stage with Pt-coated tungsten carbide probe needles used for
electrical contacts. Probe needles were connected to FRA and PC for data output.
3.4.1 Varying Oxygen Partial Pressure
EIS tests were also conducted under varying oxygen partial pressures (Po2) from
latm to lx10 4 atm. To accomplish the varied atmosphere testing, an enclosure made of
an aluminum frame and silica transparent window was fabricated and positioned above
the heating stage with 1 mm-radius ports for electrical access, see Figure 17. To deliver
the required gas composition to the chamber enclosure, a setup consisting of two MKS
1179A mass flow controllers (Wilmington, MA) connected to a MKS 647C mass flow
programmer was used to precisely deliver nitrogen-oxygen mixtures at a constant flow
rate of 195sccm. To ensure gas atmosphere equilibration inside the enclosed chamber
(-50ml enclosed volume), each gas mixture was flowed continuously for 30mins before
the start of the EIS test.
Figure 17: Glass enclosure to control oxygen partial pressure and -1 mm-radius port
access for electrical connections of microprobe tips.
3.4.2 Polarization Treatment
Moreover, to determine the effect of current passage on the EIS of transition
metal oxide microelectrodes, a voltage bias pre-treatment was applied to the
microelectrodes. Both cathodic and anodic voltage bias treatments ranging from 500mV
to 5V, was applied for up to 20mins prior to EIS experiments at the testing temperature
range.
3.4.3 Equivalent Circuit Modeling
Equivalent circuit modeling was used to analyze impedance data and extract parameters
relevant to physical processes responsible for the high-frequency intercept (ALO-HF),
the linear impedance regime (ALO-W) and the low-frequency arcs (LF 1, and LF2) from
both A120 3/8YSZ/LSM and A120 3/8YSZ/LSF systems. ALO stands for A120 3 in the
impedance response naming convention used here. Mitterdorfer and Gauckler 39 had
shown that the double layer capacitance (Cdl) could mask the true faradaic impedance (Zy)
response of porous electrodes. The equivalent circuit used by Mitterdorfer and Gauckler 39
contains a resistance for the electrolyte (Re) in series with a Cdl that is parallel to the Zf
component, which consists of the electrode impedance (Zo) and charge transfer resistance
(RoI), as shown in Figure 18a. We had tried to first subtract Cdl using the method
developed by Berthier et al.66 and apply this model in Figure 18a to determine Zf. Both
Cd, and Rt were determined to be negligible in comparison to the electrode faradaic
impedance. Therefore, an equivalent circuit with elements - Re- WI-(RI/CPEd)(R2/CPE2)
shown in Figure 18b, was used instead to deconvolute the impedance response and
extract resistance and capacitance values from the high-frequency intercept (ALO-HF),
linear impedance region (ALO-W), and low-frequency semicircle arcs (LF 1 and LF2).
This alternative circuit contains an electrolyte resistance Re that can be quantified from
ALO-HF, in series with a finite-length Warburg element (WI) that can be modeled from
the linear regime ALO-W at high frequencies, and finally two sets of parallel resistance
(RI, R2) and constant phase elements (CPEI, CPE2) to capture separate processes
corresponding to LF1 and LF2 over the entire test temperature range. ZView software
(from Scribner Associates, USA) was used to construct an equivalent circuit as shown in
Figure 18b and perform complex least squares fitting to the EIS data. To achieve a better
fit ot data from A120 3/8YSZ/LSF system, one of the R-CPE units was removed from the
equivalent circuit model.
Figure 18: Equivalent Circuit used in analyzing the impedance data. Re models the high frequency
intercept ALO-HF, W, is for the linear impedance region ALO-W, and R, and CPE, are used for
semicircle arcs LFi (where i = 1,2).
Chapter 4. Mechanism of Oxygen Reduction in LSM
4.1 Background on LSM Porous Electrodes
Figure 19: Electron micrograph of solid oxide fuel cell cross section. Reprinted from
reference 13.
A large number of ORR studies have focused on porous LSM electrodes, as
shown in Figure 19, using experimental techniques such as EIS and steady-state
polarization.26' 32, 34, 38-41, 43, 44, 47-50, 55, 67-71 Although numerous rate-limiting reactions
have been identified on porous LSM electrodes in many previous studies using EIS,
discrepancy exists in the rate-limiting reactions and associated activation energies, as
shown in Table 2. The activation energy for a specific reaction or process is, ideally, a
constant value for a given material under a given set of conditions and oxygen
environment. As shown in Table 2, Siebert et al.47 report a limiting reaction with an
activation energy of 1.8eV for a process attributed to adsorbed oxygen dissociation on
LSM in the temperature range of 680-9700 C. Van Herle et al.44 also observe a limiting
reaction from adsorbed oxygen dissociation in the temperature range of 700-900 0C with,
however, a higher activation energy of 2.11 eV. On the other hand, Murray et al.38 and
Chen et al.32 report a limiting reaction with activation energy of 1.61eV for adsorption
and desorption of oxygen molecules from 550-8500 C and 1.63eV for oxygen dissociation
in conjunction with surface diffusion from 700-9500 C, respectively. Similar
inconsistencies can be noted by comparing the findings of the other studies listed in Table
2. It is interesting to mention, however, that the rate-limiting reaction step for porous
electrodes typically includes a surface process having activation energies in the range of
1.61-2.11eV.32' 34, 38, 44, 47
The main disadvantage to porous LSM electrode studies is that the critical
features controlling ORR such as: (i) three phase boundary (TPB) length, (ii) electrode
surface area, (iii) electrode particle size and (iv) electrode-electrolyte interface, are
difficult to quantitatively measure and compare from study to study. As a result, the
variations in pore size, particle size, TPB length and surface area of LSM porous
electrodes can yield inconsistent determination of rate-limiting reactions as well as
activation of varied ORR pathways. The use of thin-film cathodes with well-defined
microstructure and geometry can provide new insights and improve our understanding of
physical processes associated with ORR on the LSM/8YSZ system.
Table 2: Summary of attributed oxygen reduction mechanism with corresponding activation
energy and peak frequency from EIS studies on porous LSM/8YSZ in the literature.
Activation Energy, eV Resonant
[Temperature, oC] Frequency, Hz
Oxygen molecule 1.8eV Siebert, 1995
dissociation [680 - 970] [Ref. 47]
Oxygen molecule 2.11eV 10-1 Van Herle, 1996
dissociation [700 - 900] [Ref. 44]
Oxygen adsorption and 1.61 ±.05eV Murray, 1998
dissociation [550 - 850] [Ref. 38]
Dissociative adsorption,
transfer to TPB, and surface [800 - 110,000 - 0.1 [Ref 34]
diffusion [800- 1,050] [Ref. 34]diffusion
Dissociation and surface 1.63 - 3.02 eV 100-0.1 Jiang, 2002
diffusion [700 - 900] [Ref. 49, 50]
Dissociation and surface 1.61eV Chen, 2003
diffusion [700 - 950] [Ref. 32]
4.2 Background on LSM Cone-Shaped Dense Electrodes, Thin-
film Electrodes and Microelectrodes
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Figure 20: ORR studies using (a) dense thin-films (b) cone-shaped electrodes pressed against
electrolyte and (c) patterned thin-film microelectrodes deposited on 8YSZ single crystal. Figures
19a-c adapted from references 38, 23 and 33, respectively.
Dense LSM cone-shaped electrodes 26, 47, 72, thin-film electrodes41, 44 , 46, 73 and
patterned microelectrodes 28' 36, 74-78 that allow quantitative analysis of cathode geometry
for correlation to the ORR pathway have recently been used to study the kinetics of ORR,
as shown in Figure 20. Endo et al. 46, 73 reveal that the impedance of dense thin-film
Lao.slSr 0.19MnO3 (with no TPB) at 700-9000 C is proportional only to film thickness
(>100nm to 3000nm) and is not affected by PO2 (in the range from 1 to 10"3atm), which
indicates that ORR is controlled by transport of oxide ions through the bulk of the LSM
thin film. Van Herle et al.44 and Ioroi et al. 41 also examine dense thin-film
La0.sSr0.2MnO3 in the 3-5ptm range using EIS in the temperature range of 700-1000 0 C.
They report bulk ion transport dominating the impedance response and reveal the
presence of two additional surface processes - oxygen molecule dissociation and an
unidentified surface reaction.
Brichzin et al.36' 75 first used EIS to study the kinetics of ORR of dense and
patterned Lao.sSr0.2MnO3 microelectrodes supported on YSZ at -800 0 C with electrode
diameters in the range from 20gm to 200tm and two thickness values (100nm and
250nm), as shown in Figure 20c. Under zero-DC bias or cathodic polarization, the overall
impedance response (or electrode polarization resistance obtained from impedance data)
has been shown to vary proportionally with microelectrode area and thickness, which
supports the dominance of ORR current via bulk oxygen ion transport in LSM. TPB lines
present on the microelectrodes showed no measurable effect on the overall impedance in
this situation.36' 75 However, under anodic polarization of the LSM microelectrodes,
Brichzin observed that the impedance became proportional to TPB length that suggested
a change in pathway during anodic polarization to the TPB for oxygen evolution.75 Koep
et al. 76 have also recently examined the impedance on dense microelectrodes of
Lao.sSr 0.2MnO3 supported on YSZ as a function of thickness (from -100nm to -3000nm),
from which ORR current has been found to be dominated by oxide ion transport through
the film at 700'C for microelectrode thickness less than -360nm.
The studies on ORR using dense, thin-film and patterned electrodes have,
therefore, unambiguously shown that the bulk pathway can be activated in LSM provided
that thin-films electrodes with TPB lines are either severely-limited in the case of
patterned dense electrodes or fully eliminated in dense thin-films. However, these studies
have not been able to show whether this bulk pathway dominance is constant at reduced
temperatures. In addition, there has been no quantification on the relative contribution of
ORR pathway, a key component to determining better electrode designs, especially at
lower temperatures. Finally, it is also not clear whether the bulk diffusion of oxygen will
continue to be the rate-limiting step at reduced temperatures.
In this chapter of the thesis, the aim is to answer these lingering open questions by
using dense, patterned LSM microelectrodes deposited on thin-film 8YSZ as a platform
to probe the pathway dependence of ORR and the relative contributions of each pathway
to determine the effect on the rate-limiting step as the operating temperature is reduced.
For this study, varying microelectrode sizes of LSM will be used to probe ORR pathway
dependence. The LSM/8YSZ bilayer will be supported by A120 3 and Si substrates and
tested using EIS in the temperature range of 7900C to 570'C under ambient air
atmosphere. The effect of substrate on the impedance response is examined, impedance
data of LSM/YSZ supported on alumina are analyzed as a function of temperature and
LSM microelectrode size to determine ORR rate-limiting mechanisms and dominant
reaction pathways.
4.3 LSM Microstructure, Phase and Chemical Analysis
The 8YSZ film and LSM microelectrodes were found to be fully dense and crack-
free after annealing in both A120 3/8YSZ/LSM and Si/8YSZ/LSM systems. A typical
optical micrograph of Pt, annealed 8YSZ and LSM surface in the A120 3/8YSZ/LSM
system is shown in Figure 21. The microelectrodes showed no significant damage after
EIS measurements with microprobe needles. AFM imaging of the 8YSZ and LSM
surface revealed a fairly smooth surface with roughness in the range of Inm to 5nm.
The thickness of the 8YSZ film was measured to be 420nm and 500nm for the
A120 3/8YSZ/LSM and Si/8YSZ/LSM systems, as shown in Figure 22. Good adhesion of
the electrolyte to the substrate layer was found for both samples. Cross-sectional TEM
studies revealed that the grain structure of LSM and 8YSZ were columnar with grain
widths in the range of 20 to 70nm, as shown in Figure 22.
AFM measurements revealed that the thickness of the LSM microelectrodes was
on the order of 240nm for A120 3 and 360nm for Si substrate. In addition, the actual LSM
microelectrode sizes were found to be smaller than ideal as a result of undercut etching,
which resulted in sloping sidewalls, as shown in Figure 23. In contrast, the Pt counter
electrodes were found to have vertical sidewalls with geometries in good agreement with
the photomask used. The actual LSM square sizes obtained in this study and thickness of
the sputtered films are summarized in Table 3 below.
Table 3: Summary of ideal LSM electrode size, actual size. obtained after photolithography,
apparent TPB lengths, and sputtered film thickness on A120 3/8YSZ/LSM and Si/8YSZ/LSM
A1203/8YSZ/LSM Si/8YSZ/LSMIdeal Square
Size Actual Square Apparent TPB Actual Square Apparent TPBSize Length Size Length
50m -40 m -160jm -40tm -1601 m
100m -~90jm -360gm -80Km -320tim
150tim -140tm -560jtm -130[m -520pm
200tm -190tm -760tm -180tm -720jm
LSM Thickness 65nm, 240nm, 705nm 360nm
8YSZ Thickness 90nm, 460nm, 910nm 500nm
(a)
Figure 21: (a) Electron and (b) optical micrograph showing the surface of LSM and Pt
microelectrodes supported on A120 3/8YSZ/LSM. The microelectrodes were found to be fully
dense and crack free.
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Figure 22: SEM and TEM cross sections of A120 3/8YSZ/LSM system. Cross-section SEM
micrographs show dense 8YSZ film after annealing in air at 8000C for 10hrs for two different
substrates (a) A120 3 and (b) Si. The 8YSZ films are found well-adhered to the substrates. TEM
micrographs showing typical columnar grain morphology in (c) LSM and (d) 8YSZ sputtered films
on Si/8YSZ/LSM after annealing in air at 800 0C for 10hrs. The columnar grains had widths of
-25nm and lengths approaching the thickness of the film.
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Figure 23: AFM image of LSM microelectrode on Si/8YSZ/LSM that shows sloped
LSM sidewalls due to 'undercut' from acid etching during photolithography processing.
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XPS analyses show that the surface composition of A120 3/8YSZ/LSM and
Si/8YSZ/LSM samples have higher lanthanum (La) and lower manganese (Mn) content
than ideal Lao.sSr0.2MnO 3-8 compositions. The strontium (Sr) content in the
A120 3/8YSZ/LSM system was found to be deficient while excess Sr was observed in the
Si/8YSZ/LSM system.
The sputtered films were found to be crystalline and to have the perovskite
structure after annealing. The XRD pattern of the annealed 8YSZ/LSM films on A120 3
substrate is shown in Figure 24 and analysis gave the expected rhombohedral structure in
a hexagonal setting (space group R-3c a=b= 5.48 A, c=13.35 A, V=347.9A3). Strong
preferred orientation was observed along the (012) Bragg reflection, corresponding to the
[100] direction for a cubic-type perovskite structure. XRD peaks of the 8YSZ film
(space group Fm-3m, a=5.160 A, V=137.39 A3) were found to be in good agreement with
those of the sputtering target and Joint Committee on Powder Diffraction Standards
(JCPDS) (Fm-3m, a=5.139 A, V=135.72 A3).79 However, the peaks of LSM were shifted
slightly to higher 2-theta values in comparison to those of Lao.sSro.2MnO3-d due to smaller
lattice parameters.8 0 Arulraj et al.81 have reported decreased lattice parameters in Mn
deficient films of LaMnl.-O3 where z ranges from 0 to 0.2. Therefore, both XRD and
XPS measurements suggest that LSM microelectrodes in the A120 3/8YSZ/LSM system
are Mn deficient with XPS results showing La enrichment along the surface.
4.4 Substrate Effect on LSM EIS: Alumina vs. Silicon
General features of the EIS data obtained from the in-plane measurements for
Si/8YSZ/LSM and A120 3/8YSZ/LSM samples are shown and compared using complex
plane (Nyquist) plots in Figure 25. At low frequencies, the EIS response from both
A120 3 and Si substrates show identical results, see Figure 25a. However, at higher
frequencies, two semicircle arcs labeled as Si-HF1 and Si-HF2 were observed for the
Si/8YSZ/LSM system over the temperature range of EIS testing from 790 0C to 5700 C, as
shown in Figure 25b and Figure 25c, respectively. In contrast, no high-frequency
semicircle arc was found for the A120 3/8YSZ/LSM system, Figure 25b, and only a high-
frequency intercept labeled as ALO-HF was observed. This difference in the impedance
response between Si and A120 3 substrate can be clearly noticed above 100Hz in the plot
of frequency (Hz) vs. imaginary impedance (-Zim), and the EIS data are identical for both
systems at frequencies lower than 100Hz, as shown in Figure 26.
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Figure 24: XRD pattern of sputtered Al 20 3/8YSZ/LSM film after annealing in air at 8000C for
10hrs. X-ray patterns were collected using the glancing angle mode with an incident angle of 100.
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Previous impedance studies at similar temperatures have related the high-
frequency intercept to ionic resistance in the electrolyte. 24, 38, 68, 82 However, the
magnitudes of Si-HF 1 and Si-HF2 could not be attributed to 8YSZ given the testing
geometry used in Figure 21. It should be noted that the high-frequency intercept of Si-
HFl approaches the origin of the Nyquist plot in Figure 25a. Similar high-frequency
behavior was also reported by Bieberle-Hutter et al.83 using Si substrate with silicon
nitride and silicon dioxide buffer layers. The anomalous high-frequency behavior was
attributed to electrical leakage in the Si substrate.8 3 Therefore, it is speculated that the
formation of high-frequency semicircles Si-HF 1 and Si-HF2 might result from similar
electrical leakage current or stray capacitance in the semi-conducting Si substrate having
low electronic resistivity (-2M-cm at room temperature).
It should be also mentioned that high-frequency intercepts were always observed
in these EIS tests for systems with electronically insulating substrates such as A120 3,
8liS YSZ~80pm electrode
IA 0 18YSZ ~90pm electrode
--- ~
1
rl...... . . . 0 -
I II
magnesia (MgO) and single-crystal 8YSZ. This in-plane microelectrode study shows that
the choice of substrates plays an important role in the impedance response of the
electrodes of interest. Semiconducting substrates such as Si should be avoided for in-
plane microelectrode measurements. As a result, subsequent EIS analyses in this paper
will only be focused on the electronically insulating A120 3/8YSZ/LSM system.
4.5 LSM Microelectrode Size and Thickness Influence on EIS
4.5.1 General EIS Features
One large and depressed semicircle arc was found in the low-frequency range at
temperatures above 700 0 C, which is labeled as LF in Figure 27a for the
A120 3/8YSZ/LSM system. At temperatures lower than 700 0 C, two distinct semicircle
arcs, LF1 and LF2, were revealed in the low frequency range, as shown in Figure 27b.
These two low-frequency arcs become more apparent at even lower temperatures, as
shown in Figure 27c at 5700C. As temperature is decreased, the magnitude and peak
frequencies of the LF1 and LF2 processes are further displaced apart to make these
features more apparent. Moreover, an almost 45-degree linear region, labeled ALO-W,
was found for the A120 3/8YSZ/LSM system at frequencies directly below the ALO-HF
intercept, as shown in the inset of Figure 27c.
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4.5.2 High Frequency Intercept ALO-HF for LSM
To understand the effect of changing film thickness and microelectrode size on
the high-Frequency intercept of the EIS response, varied 8YSZ electrolyte and LSM
microelectrode thicknesses were deposited and tested in ambient air conditions. For the
8YSZ film variations, three thicknesses of 85 nm, 460 nm and 910 nm were used. For
the LSM film thickness, layers with LSM of 65 nm, 240 nm and 705 nm thicknesses were
tested.
For this study, the values of ALO-HF as a function of electrolyte layer thickness
and microelectrode size can be correlated using the following expression:
L
Rsysz -
8YSZx
Equation 13
where L is the Pt to LSM distance, oyssz is the ionic conductivity of 8YSZ, t is the
thickness of the 8YSZ film and x is the LSM microelectrode square size (as shown in
Figure 30 inset).
First, we examine the effect of varying 8YSZ thickness on the high frequency
intercept and this is plotted using the complex plane (Nyquist) plot as shown in Figure 28.
Clear correlation between 8YSZ film thickness and the high frequency intercept is
observed. These changes in the high-frequency intercept are quantified as resistance
ratios in Figure 29 for a 150 gpm size LSM microelectrode. From Equation 13, with all
parameters except t held constant, the resistance ratios between 460 nm and 910 nm
8YSZ film (R910/R460) is -0.51, while the resistance ratio for the 460 nm to 85 nm 8YSZ
film (R8s/R 460) is -0.18. Examining Figure 29, we note that the average ratio for
(R910/R460) and (R85 R460) are 0.44±0.03 and 0.12+0.01, respectively, and unchanged with
test temperature. Although the ratios are not exact, the slight variation could be due to
determination of 8YSZ thickness. Nonetheless, this is in good correlation to the ideal
values predicted using Equation 13.
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Figure 28: (a) EIS of high frequency intercept ALO-HF vs. YSZ thickness at 750 0C and ambient
air. (b) SEM micrograph of A120 3/8YSZ/LSM layers with varying electrolyte thickness.
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Another test to examine the high-frequency intercept can be made with varying
the microelectrode size since oxygen ion transport in the electrolyte occurs in-plane of
the 8YSZ thin-film, as detailed in Figure 30. An average slope of -1.01±0.06 was
observed in the plot of ALO-HF as a function of microelectrode size x in Figure 30. This
provides another indication that the ALO-HF intercept can be ascribed to oxygen ion
transport in the 8YSZ film.
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Figure 30: The value of resistance for ALO-HF in A120 3/8YSZ/LSM system with 460nm 8YSZ
thickness is plotted as a function of microelectrode size x (see inset schematic) with constant Pt to
LSM distance L -10tm
Further examination of the effect of temperature on the high frequency intercept
for the A120 3/LSM/8YSZ system was performed. The activation energy of the high-
frequency intercept ALO-HF, for each microelectrode size was calculated using the
relationship:
G = o exp T•J
Equation 14
a"-- ·o-- ._ [2----O•
-- 0 ..--. ---
ALO-HF
Temperature/ Slope:
o 5700 C/ -0.96
o 610 0C/ -1.04
A 6600C/-1.08
o 700oC/-1.08
v 750°C/ -0.95
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where the conductance G is equal to 1/R (unit of 1/0), T is the testing temperature in
kelvin (K), and Ea is the activation energy in eV. The activation energy of ALO-HF was
found to be independent of microelectrode square size with an average of 1.16±0.02 eV,
as shown in Figure 31. For the different 8YSZ thicknesses, activation energies of
1.20±0.01 eV and 1.16±0.04 eV were calculated for the 85 nm and 910 nm layers,
respectively.
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Figure 31: Activation energy for ALO-HF for 460nm 8YSZ film as a function of the LSM
electrode size with average of 1.16±0.02eV.
The reported values of the activation energy for ion transport in 8YSZ range from
0.8eV to 1.10eV,82' 84-86 in close agreement, at the upper range, with the average
activation energy of 1.16±0.02 eV obtained for ALO-HF on 460nm 8YSZ thickness in
this study. It is important to mention that our in-plane testing configuration leads to non-
uniformity in the current density along the 8YSZ electrolyte film and LSM
microelectrodes, where the leading edges of the Pt and LSM microelectrodes have the
lowest resistance to ion transport in 8YSZ. If most of the ion transport in 8YSZ occurred
along the leading edge of LSM, a -1 slope dependence of ALO-HF on the LSM
microelectrode size would be expected, which is observed experimentally in Figure 30.
ALO-HF
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4.5.3 Linear Impedance Region
Examining the linear or Warburg impedance region, as shown at the inset of
Figure 27c, the finite-length Warburg element is used to quantify transport/diffusion
processes in media of finite size. The finite-length Warburg element can be written as"7:
tanh (rico)'
Equation 15
where Z, is the Warburg impedance, Rw is the diffusion resistance in units of 02, i is the
imaginary number, r is the characteristic time constant in seconds, and a is ideally 0.5.
Using R, obtained from equivalent circuit analysis of the model in Figure 10b, the
activation energies for ALO-W were calculated using Equation 14. The activation
energy of ALO-W was found in the range of 1.34+0.05 eV to 1.65±0.03 eV for different
electrode sizes, as shown in Figure 32.
Chen et al.32 have reported that the activation energy for surface diffusion of
oxygen in conjunction with adsorption on porous LSM electrodes is 1.61 eV. Lewis and
Gomer,8 8 on the other hand, using faceted Pt field emitters report that the activation
energy of oxygen surface diffusion on Pt is 1.45eV above 500K. Moreover, the surface
of Pt is widely understood to be covered by oxide at temperatures above 5270C. 89-91
Therefore, it is speculated that similarities in the value of activation energy for oxygen
surface diffusion on Pt and LSM might be attributed to the oxide coverage on both
surfaces. Activation energies of ALO-W in the range from 1.34±0.05 eV to 1.65+0.03
eV were found for different electrode sizes (Figure 32a), which might suggest that ALO-
W might correspond to a surface diffusion process of oxygen species.
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Figure 32: Activation energy in A120 3/8YSZ/LSM system for ALO-W diffusion
resistance, Rw, from Equation 15 as a function of LSM electrode size and (b) calculated
diffusion length 1 as a function of microelectrode size at different temperatures from
Equation 17.
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To further verify that ALO-W does not correspond to bulk diffusion of oxygen
ions in the LSM, we here estimate the bulk diffusion coefficients by assuming that Rw
obtained from equivalent circuit analysis results from bulk diffusion using the following
relationship:
I kT
RA nq2
Equation 16
where Dw is the bulk diffusion coefficient of oxygen ions (cm2/sec), 1 is the characteristic
diffusion length (the thickness of the film for bulk diffusion), A is the cross-sectional area
for surface diffusion, n is the volume concentration of the mobile ions (#/cm 3), q is the
elementary charge, kB is Boltzmann's constant and T is the temperature (Kelvin). The
concentration of mobile ions vacancies, n, used for Equation 16 was obtained from
estimates by Van Hassel et al. of -5x101 5/cm3 at 1000C.92 Using the known
microelectrode thickness and surface area in Table 3 for I and A, the calculated diffusion
coefficients Dw were found to be -7-10 orders of magnitude higher (Dw-10-6 cm2/sec)
than the reported bulk diffusivities (3.10x10-16 to 1.6 x 10-13 cm2/sec in the temperature
range of 700 0C to 9000C) reported by De Souza et al.27 This analysis shows the fact that,
Rw is too small in magnitude to result from bulk diffusion, which supports the notion that
ALO-W is related to surface diffusion.
The characteristic length I for surface diffusion of oxygen species might be
estimated from the characteristic time constant r (obtained from equivalent circuit
analysis) using the relationship87:
Equation 17
where D is the surface diffusion coefficient in cm2/sec. Although bulk diffusion
coefficients of oxygen ions in LSM have been determined by De Souza et al.27, to the
author's knowledge, surface diffusion coefficients for LSM have not been reported. In the
face-centered cubic metal systems, it has been reported that bulk diffusion is about 5
orders of magnitude smaller than surface diffusion. 93 For example, we may assume an
oxygen surface diffusion coefficient of 1x10-" cm2/sec at 7000C, based on a bulk
diffusivity of-_10-16 cm 2/sec from De Souza et al.,27 and plot the characteristic diffusion
distance calculated from Equation 17 as a function of microelectrode size at different
temperatures from the obtained activation energies, as shown in Figure 32b. For
comparison, an oxygen surface diffusion coefficient of 4.65x10 -8 cm 2/sec on Pt at 8000 C
has been reported by Verkerk et al. 94 The characteristic diffusion length or utilization
lengths were found to range from 0.5 nm to 3 nm and not greatly affected by temperature.
The small gradients in the oxygen ion concentration at the surface of LSM can, therefore,
be explained by fast surface diffusion processes on LSM. This analysis of characteristic
time associated with ALO-W further supports that ALO-W originates from surface
diffusion of oxygen species on the LSM. Therefore, we note a surface diffusion process
on LSM with activation energies in the range of 1.34±0.05 eV to 1.65±0.03 eV. Although
the activation energy of surface diffusion was found to slightly increase with increasing
microelectrode sizes, the physical origin of this observation is not understood at this time.
4.5.4 Low Frequency Semicircles
To understand the effect of LSM film thickness on the low frequency EIS
response, three microelectrode thicknesses of 65 nm, 240 nm and 705 nm were tested.
The resulting EIS plots for the variations in LSM film thickness at 6600C in air are
shown in Figure 33. The LF1 semicircle was observed to be constant with varying
thickness, while the LF2 semicircle was affected. These variations were further
quantified by examining the ratios of real resistance (Zre) for the LF 1 and LF2 semicircles
with 705 nm and 240 nm LSM film thicknesses with -190 pm electrode size, as shown in
Figure 34. The Zre ratios for LF1 were found to exhibit little or no change over the
temperature range, indicating similar resistance magnitude for varying thickness. Given
that the surface or interfacial areas of the microelectrodes are hardly affected by the
change in thickness, the LF 1 semicircle could possibly be coming from electrochemical
processes at these locations.
The ratio of the LF2 semicircle, on the other hand, was found to vary from
approximately 1.5 times Zre at low temperatures to almost 4 times Zre at 7900 C. At low
temperatures, when the TPB pathway becomes dominant in LSM due to low oxygen
diffusivity, the resistance ratio obtained between the electrodes should approach 1, in
agreement with the result obtained here. In contrast, at higher temperatures, when bulk
diffusion becomes the dominant reaction pathway, 36 then film thickness would start to
show an effect on the Zre. However, if the dominant reaction pathway is through the bulk
of the electrode, then the ideal resistance ratio between the 705 nm and 240 nm
microelectrodes is -3. Therefore the deviation obtained at 7900 C may arise from a mixed
TPB/bulk diffusion pathway occurring for the thicker 705nm thick microelectrode. This
would then result in higher values of Zre given to limited TPB lines and contribute to
deviation from the ideal resistance ratios for LF2.
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Figure 33: (a) EIS from -190jtm LSM microelectrode size with varying thickness at 6600 C and
ambient air. (b) Schematic of varying LSM microelectrode thickness (not drawn to scale).
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Figure 34: Ratios of real impedance for LF1 and LF2 semicircles between 705nm and 240nm
LSM thickness (R 70 5nm/R 2 40nm). LF1 remains unchanged at -1.0 while LF2 scales from -1.5
to -4 times as a function of test temperature. (Ideal ratio for R705nm/R 240nm is -3)
To further probe the LF 1 and LF2 semicircles, we now examine the effect of
LSM geometry on the EIS. If the ORR rate-limiting reaction step were dominated by
processes at the TPB, then we might use a relationship proposed by Kamata et al.40
between TPB length and real impedance, written as:
1 -1
R tpb 2 - R tpbC X
;e
X2
Equation 18
where a, is the interfacial conductivity in S/cm2 and x is the microelectrode size that is
equal to ¼4 TPB length. In this case, a dependence of Rtpb oC X 1 or a slope of -1 is,
therefore, expected for a log-log plot of Rtpb vs. x. On the other hand, if the rate-limiting
step of ORR were dominated by processes from the bulk (b), surface (s) and interface
(int), the real impedance could be described by:
h -2
Rb/s/int- 2 Rb/s/int C X
ECLSMX
Equation 19
where h is the thickness of the LSM film, tLsM is the ionic conductivity in LSM (units of
S/cm) and x is the microelectrode square size. In this case, a dependence of Rb/s/int x-2 or
a slope of -2 is expected.
The observed dependence of LF1 on microelectrode size in Figure 35a is close to
-2 throughout the temperature range tested, which indicates that this process is not
dominated by oxygen reduction/incorporation into the electrolyte at the TPB.
The LF2 semicircle, in contrast, has a slope dependence on the microelectrode
size that ranges from -1.18±0.08 at 5700 C to -2.46±0.07 at 7900C, as shown in Figure
35b that indicates a change in the ORR pathway dominance from low to high temperature.
The sum of LFl+LF2 is also plotted as a function of microelectrode size in Figure 35c. It
should be noted that the dependence of LF I+LF2 follows closely that of the LF2
semicircle arc as this is typically one order of magnitude greater than LF 1.
Examining the temperature dependence of the low-frequency semicircles, as
shown in the Nyquist plots for A120 3/8YSZ/LSM in Figure 27a - one large and depressed
semicircle arc is observed above 700 0 C, however, this actually contains two semicircle
arcs LF1 and LF2, as shown in Figure 27c. The extracted real resistance associated with
LF 1 and LF2 for different microelectrode sizes are shown using Arrhenius plots in Figure
36a and 36b, respectively. The activation energies for LF1 and LF2 were calculated
using Equation 13, and are shown as a function of microelectrode size in Figure 36c. The
activation energies of LF 1 (1.71±0.02eV to 1.88±0.02eV) were found be consistently
lower than those of LF2 (2.42±0.02eV to 3.05±0.03eV) for all microelectrode sizes.
The activation for the varied thickness electrodes was also calculated and is
shown in Table 4. The values were found to be in close correlation with the 240nm
electrode and confirms a similar mechanism occurring.
Table 4: Activation Energy for varied LSM thickness
Feature Activation Energy Activation Energy(705nm) (65nm
ALO-HF 1.20 eV 1.11±0.01 eV
LF1 1.71±0.03 eV 2.02±0.02 eV
LF2 2.56±0.03 eV 3.44±0.03 eV
ALO-W 1.30±0.05 eV 1.10±0.01 eV
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Figure 35: Real Impedance (Zre) as a function of LSM electrode size for the 240nm thick
samples; (a) LF1 (b) LF2 and (c) LFl+LF2 in the A1203/8YSZ/LSM system. Slope of(-1) or (-
2) indicates TPB or surface/bulk/interface pathway dominance.
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Figure 36: Arrhenius plot of real impedance (Ze) as a function of temperature in
A120 3/8YSZ/LSM system for different LSM electrode sizes for (a) LF1 and (b) LF2 semicircle
arcs. (c) Activation energy as a function of LSM electrode size in A1203/8YSZ/LSM system for
LF1 and LF2 semicircles over entire temperature range tested (570 0C to 7900 C).
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The observed dependence of LF1 on the microelectrode size in Figure 35a is close
to -2 throughout the temperature range tested, which indicates that this process is not
dominated by oxygen reduction and incorporation of oxygen ions into the electrolyte at
the TPB. To further investigate and pinpoint the precise dominant process for LF 1, the
activation energies and capacitances of LF 1 are examined. The activation energies of
LF1 were found to vary in a small range of 1.71±0.02eV to 1.88±0.02eV for the electrode
sizes examined in this study, as shown in Figure 36c. Previous studies on porous
electrodes show that processes occurring on the electrode surface have activation
energies in the range of 1.61-2.11eV. 32' 34, 38, 44, 47 For example, Siebert et al.47 and Van
Herle et al. 44 have reported a rate-limiting step for ORR on porous electrodes involving
oxygen dissociation having an activation energy of 1.8eV and 2.11 eV, respectively. It is
believed that the rate-limiting step responsible for LF 1 originates from surface chemical
processes.
For the LF2 semicircle, although the upper and lower limits for slope dependence
are ideally -1 and -2, respectively, the slope values lower than -2 could be due to
experimental uncertainty as only four microelectrode sizes were used in the test. Slope
dependence below -2 of ORR resistance as a function of electrode size has been found by
Brichzin et al.36' 75 in a similar study on LSM microelectrodes at -800 0C. It is important
to note, however, that the slope dependence on the electrode size clearly decreases and
becomes more negative with increasing temperature. This change suggests that LF2 has a
significant contribution from oxygen reduction and incorporation of oxygen ions into the
electrolyte at TPB - the TPB pathway at low temperatures and shifts to a bulk dominated
pathway at high temperatures (>7000C shown in Figure 35b), where oxygen reduction
and incorporation of oxygen ions into LSM occur on the LSM surface, oxygen ions
diffuse in bulk LSM and migrate into the electrolyte. It has been previously reported
using tracer diffusion measurements 27' 95 that activation energies of 2.6eV to 3.0eV are
related to bulk oxide ion transport processes in LSM. The range of activation energies
found for LF2 from 2.42±0.02eV to 3.05±0.03eV is, therefore, in close agreement with
these tracer diffusion studies. The activation energy rises with increasing electrode sizes,
which might be attributed to a relatively greater contribution of bulk pathway to TPB
pathway for larger electrode sizes.
The capacitance values of LFl and LF2 semicircles are shown in Figure 37,
which were obtained using the relationship96:
C = (RI-p ) 'P
Equation 20
where R is the parallel resistance value in the equivalent circuit, X is the non-ideal
"capacitance", and p is the non-ideality factor used to fit the CPE. Both X and p can be
determined from modeling the impedance of the CPE using the following expression87 :
1
ZCPE - (i
Equation 21
where i is the imaginary number, co the angular frequency and Z and p are the same
variables as in Equation 20.
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Figure 37: Capacitance as a function of temperature for LFI and LF2 semicircles in
A120 3/8YSZ/LSM system. An average capacitance of 3.4x1 0-4 F/cm2 and 3.2x1 0.3 F/cm2 is
observed for LF1 and LF2 arcs, respectively.
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To further confirm that LF 1 originates from surface chemical processes, the
capacitance values for LF1 shown in Figure 37 are compared with values found in the
literature. Adler 21 has recently reported that capacitance can be used as an indicator to
determine the degree at which TPB or bulk participates in the reactions. Capacitance
values in the range of lx10 -5 F/cm 2 to lx10 -6 F/cm2 are typically associated with oxygen
reduction at the Pt/YSZ system. Although capacitance values are not reported in the
study by Ioroi et al.41 of thin-film LSM supported on CVD thin-film YSZ, they could be
estimated from the reported impedance data, where values of -10- 4 F/cm 2 and 10-3 F/cm2
were obtained for the attributed surface and bulk processes, respectively. Moreover,
Mitterdorfer and Gauckler 39 have reported a surface process on LSM/YSZ having
capacitance values on the order of-10-4 F/cm2, which have been attributed to competing
dissociative adsorption and surface diffusion. Given the LF1 dependence on
microelectrode size close to -2 (Figure 35a), activation energies in the range of
1.71±0.02eV to 1.88±0.02eV in this study (Figure 36c) and an average capacitance value
of 3.4x1 0-4 F/cm 2 (Figure 37), it is believed that surface chemical processes such as
oxygen adsorption/desorption and dissociation are responsible for the LF 1 semicircle.
Although the activation energy of LF 1 was also found to slightly rise with increasing
microelectrode sizes, the physical origin of this observation is not understood at this time.
For the LF2 results, Adler 2' and Kawada 33 have recently reported that
capacitances found for the mixed ionic electronic conductor Lal-xSrxCoO3 (LSC)
approach lx10' F/cm2,21' 33, 42 where oxygen reduction via the bulk pathway dominates.
The observed capacitance values obtained for LF2 have an average of 3.2x10 -3 F/cm2,
which is consistently one order of magnitude higher than that of LF 1. Chemical
capacitances of-10 -3 F/cm 2 associated with oxygen reduction via the bulk pathway in
LSM can be estimated from the data published by Ioroi et al.41 on dense thin films of
LSM, which is in good agreement with the results found for LF2. Moreover, by
assuming oxygen ion diffusion in bulk LSM is the rate-limiting step in the bulk pathway,
the ionic conductivity for LSM can be estimated at temperatures higher than 7000 C,
where the bulk pathway is dominant. Using Equation 13, average ionic conductivity
values of 2.9x10-8 S/cm, 1.7x10-7 S/cm, and 5.2x10 "7 S/cm were found at 7000C, 7500 C,
and 790 0 C, respectively. These values are in agreement with previously reported oxygen
ion conductivities of-10 -7 to -10-8 S/cm in LSM,46, 75, 97 which confirms that oxygen
reduction via the bulk pathway is responsible for LF2 and bulk oxygen ion transport is
the rate-limiting step in the bulk pathway above 700 0 C. Furthermore, our results are in
agreement with the findings of Koep et al.76 and Brichzin et al.36, 75, in which the LSM
bulk pathway is dominant and bulk oxygen ion transport is rate-limiting for ORR under
similar temperatures and film thicknesses.
4.6 Rate-limiting Steps, Current Pathways and Implications for
Cathode Design
The four following processes are illustrated on the LSM surface and at the LSM/YSZ
interface, and in a circuit diagram in Figure 38a-b, respectively.
(i) Oxide ion transport in 8YSZ (ALO-HF) with an average activation energy of
1.16±0.02eV
(ii) Surface diffusion on LSM (ALO-W) with activation energies in the range of
1.34+0.05eV to 1.65±0.03eV
(iii) Surface processes on LSM (LF1) with activation energies in the range of
1.71+0.02eV to 1.88±0.02eV and an average capacitance of 3.4xl 0-4 F/cm2
(iv) Mixed charge transfer processes (LF2) - surface incorporation and bulk
oxygen ion transport, and TPB incorporation changing as a function of
temperature with activation energies in the range 2.42±0.02eV to
3.05±0.03eV and an average capacitance of 3.2x10 -3 F/cm 2
It is proposed that at least two surface processes occur prior to the charge transfer
processes, which corresponds to surface chemical processes (LF1) and surface diffusion
(ALO-W) on the LSM microelectrode. Although the exact nature of surface chemical
reactions of LF 1 has not been identified, our results are consistent with the hypothesis
that surface oxygen adsorption and oxygen dissociation reactions are responsible for LF 1.
As shown in Figure 38a-b, the surface chemical processes are then followed by two
possible charge transfer pathways into the 8YSZ electrolyte, either via the bulk of LSM
or through the TPB.
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Figure 38: Schematic of (a) the four ORR mechanisms observed in this study and (b) circuit
diagram analog to the ORR process.
The real impedance of the four processes can be plotted as a function of
temperature, and the results from the -190tpm LSM microelectrode for three different
LSM thicknesses are shown in Figure 39 and Figure 40. Examining Figure 39 for the
240nm thick LSM microelectrode and assuming that a process with the largest fraction of
total resistance would be the rate-limiting step of ORR, the mixed TPB/bulk charge
rl
transfer process for LF2 limits ORR at temperatures lower than 7000 C, and surface
chemical processes become limiting above 7000 C. It should be noted that the total real
impedance at 5700 C is approximately 3 orders of magnitude higher than at 7900 C shown
in Figure 39, where surface rate-limiting ORR is observed. For the low polarization of
LSM above 7000 C, the area specific resistance less than 0.5Q-cm2 can be attributed to
reasonably fast TPB/bulk charge transfer processes and surface chemical processes.13
Examining the effect of varying LSM thickness, see Figure 40a-b, we see the shift
for the transition of rate-limiting ORR step to lower temperatures (-600'C) for the 65nm
LSM microelectrode where above this transition temperature the surface reaction process
is limiting. When going to thicker LSM microelectrodes, we observe that the transition
now occurs at around 8000 C, following the expected trend of temperature shift.
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Figure 39: Plot of resistance fraction as a function of temperature for the 240nm thick LSM
microelectrode tested in ambient air. Below 7000C the LF2 semicircle arc is the rate-limiting
reaction step due to largest resistance. Above 7000 C the LF 1 arc becomes the rate-limiting
reaction step; however, the total resistance magnitude above 7000C is -3 orders of magnitude
smaller.
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Figure 40: Plot of resistance fraction as a function of temperature for the (a) 65nm and (b) 705nm
thick LSM microelectrode tested in ambient air. For the 65nm thick LSM the transition
temperature lowered down to -600 0 C; while for the 705nm thick LSM is increased to almost
8000C.
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To determine the ionic current pathway during ORR, we can then examine the
change in the slope dependence on microelectrode size observed for the LF2 semicircle
using the 240nm LSM microelectrodes. Analyzing the slope as a function of temperature,
the fraction of oxygen ion current passing through the bulk and TPB pathways could be
estimated by a first-order approximation. As previously mentioned, a slope dependence
of -1 and -2 indicates a dominant TPB and bulk ionic pathway, respectively. For the
slope dependence values between -1 and -2, the amount of current passing through the
TPB or bulk can then be extracted by using the expression below:
ln(A'-YBY ITPB + y·r'(bulkIn = (y-1)lnI 1+ y ln I)
i total /total
Equation 22
where A, B, and C are pre-exponential factors determined from impedance data at the
testing temperatures, y with values from 0 to 1 is the slope dependence of LF2 on
microelectrode size, and Ix/Itotal (x=TPB, bulk) is the fraction of the total current passing
through the TPB and bulk paths. The derivation of Equation 22 can be found in the
Appendix section. Given the scatter in the experimental data, all values smaller than -2 of
slope in the range from 750 0C to 7900 C are assumed to be -2. ITPB/Itotal and Ibulk/Itotal from
Equation 22 is plotted as a function of temperature in Figure 41. ORR current was found
to be governed by the TPB charge transfer pathway at temperatures below 6000 C, and to
switch to the bulk path dominating above 6000 C.
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Figure 41: Plot of current fraction as a function of temperature for the LF2 semicircle arc. Below
6000C the majority of ORR current passes through the TPB. Above 6000 C, a significant fraction
of current passes through the bulk of the LSM microelectrodes.
Insights into ORR kinetics from our microelectrode study could be potentially
applied to guide the design and development of porous electrodes for low-temperature
SOFCs, see Figure 42. For all the microelectrodes examined, it is observed that at high
temperature the surface exchange reaction starts to become the rate-limiting reaction due
to increased diffusion for the bulk pathway, see Figure 39 and Figure 40. One way to
exploit the role of faster bulk diffusion as temperature is increased would be to utilize
thin and dense films of LSM across the electrolyte surface, given that at >7000 C for the
240nm thickness, the bulk pathway is no longer rate limiting, see Figure 39. To further
improve on the cathode performance and reduce losses from the surface exchange
process, a nano-structured high surface area feature could be deployed along the
air/cathode interface to enhance surface area and further reduce the surface reaction
resistance. When trying to operate at 6000 C or lower, one can still utilize this type of
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design, however, the LSM thin film needs to be at 65nm or less to reduce bulk transport
resistance, see Figure 40a.
When operating at significantly lower temperatures and the bulk path is now
limiting, the TPB becomes the dominant pathway for ORR and high TPB distribution is
required. One potential improvement to create high TPB lengths is to create a roughened
electrode/electrolyte interface to enhance TPB length per unit electrolyte area, as shown
in Figure 42b.
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Figure 42: Microstructural designs for LSM at (a) high operating temperature, sub-65nm dense film with
roughened surface to reduce surface exchange reaction resistance. (b) At low operating temperature, increase
of electrolyte surface roughness to enhance area, as well as using nanostructured LSM powders to enhance
TPB length where current path is dominant.
4.7 Conclusions for ORR Mechanisms in LSM
The objective of this chapter was to examine the active pathways of ORR in LSM,
determine the relative contribution of each pathway and identify the rate-limiting reaction
step(s). Previous porous electrode studies on LSM have shown that a multitude of
reaction mechanisms occur during ORR. Identification of the rate-limiting step, however,
has proven difficult and reported results have been inconsistent due to the complex nature
of porous electrode microstructures. Recent work with dense and thin-film LSM
electrodes has simplified the microstructure to well-defined model systems. In addition,
using the thin-film design, the bulk pathway as the dominant reaction step has been
,,
observed. However, no examination on the effect of temperature and detailed studies on
the variation of rate-limiting step of ORR have yet been made. This is an important
aspect in determining the performance characteristics of LSM as a cathode at reduced
temperatures <7000 C where SOFC operation is being targeted.
In this work, by utilizing thin-film and patterned LSM microelectrodes, we have
observed that the impedance response is highly dependent upon substrate type, insulating
vs. semiconducting. This was previously indicated in the literature and further confirmed
in this study such that for future in-plane impedance studies, insulating substrates should
be used to avoid the presence of artifacts at high frequencies.
For this study, at least four ORR process have been identified from impedance
measurements on thin-film LSM microelectrodes supported on 8YSZ and A120 3; (i) ion
conduction in 8YSZ, (ii) surface diffusion on LSM, (iii) surface chemical reaction on
LSM and (iv) TPB/bulk charge transfer on LSM. Previous literature reports on porous
electrodes have identified convoluted reaction mechanisms. In this study, clear
deconvolution of these ORR mechanisms has been made and the fraction of their
contribution to overall ORR resistance has been identified.
In this work, the rate-limiting reaction step for ORR was also found to vary as a
function of operating temperature with the bulk/TPB charge transfer being limiting below
7000 C for 240nm thick LSM dense electrodes. Above this temperature, surface reaction
limitation was observed. In addition, the current contribution from the bulk and TPB
pathways have been quantified, with the bulk path carrying the majority of the current at
>7000 C. Previous literature reports on LSM thin-films have only indicated the possibility
of a bulk pathway occurring in LSM and have not quantified the extent of the transitions
at lower temperature. In this study we have highlighted these variations that provide a
framework for improved LSM cathode designs.
Having observed that the limiting reaction shifts to the surface chemical
process(es) or surface exchange at high temperatures or thin LSM electrodes, we focus
the next chapter in understanding the mechanisms behind surface exchange using sub-
100nm LSM films. These surface exchange mechanisms are not well understood and are
of critical importance in further improving the activity of LSM.
Chapter 5. Probing Oxygen Surface Exchange on LSM
5.1 Background on Oxygen Surface Exchange
gas
1022
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Overall reaction: 1 02+ 2e- < 0 2-
2
Possible elementary steps:
1. 02(gas) + + Sv < 0 2(ads)
2. 0 2(ads) + e- + s, < 20(as )
3. 0-as ) +e- < OX(bulk)
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Figure 43: (a) Schematic of the oxygen surface exchange reaction between a mixed
conductor and oxygen gas molecule. (b) Reaction scenarios for oxygen surface exchange
with 02 and O for oxygen molecule and atom, respectively. (gas), (ads) and (bulk) signify
location of oxygen in gas phase, adsorbed surface and material bulk, respectively. s, and e
are surface vacancy and electrons, respectively. Figure 43a reprinted from reference 98.
The gas/solid reaction interface of mixed conducting oxide cathodes, as illustrated
in Figure 43, is critical to enhancing kinetics for oxygen reduction. Diffusion of oxygen
in the lattice of many perovskite based cathodes are relatively well characterized due to
the tremendous technological implications for these materials in applications such as
oxygen pumping membranes, SOFC cathodes, and gas sensors, to name a few.
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99-101 In contrast, the surface exchange of oxygen from gas molecule to ion form, in
particular the elementary reaction mechanisms, is not as well understood. This is due in
part to challenges in probing the surface physical and chemical properties at high
temperatures where these materials are widely utilized. Surface exchange has been
probed via numerous testing techniques such as 1802 tracer techniques based on ex-situ
secondary-ion mass spectrometry (SIMS) analysis, 27' 57, 97, 102 EIS at varying oxygen
partial pressure and temperature, 35' 103, 104 relaxation methods following a sudden change
in PO2,99, 105 and direct measurement of permeation through a dense membrane.' 01' , 06
For dense and thin films cathode electrodes of the type shown previously in
Figure 20a, where the TPB is intentionally made absent, the only reaction pathway is via
the material bulk. Due to this cathode configuration, the examination of surface
exchange is much simplified when the limiting reaction comes from the surface oxygen
exchange. Bouwmeester et al.' 07 previously derived a characteristic thickness, Lc, that
can be expressed as:
D*
Lc = •-
Equation 23
where D* is the tracer oxygen ion diffusivity (cm2/sec) in the bulk and k* is the tracer
oxygen surface exchange coefficient (cm/sec). By tailoring thin-film cathode thickness,
one can then fabricate films well below Lc such that ORR is kinetically limited by surface
chemical reactions for the isolation and investigation of k*.
One well-known method to measure tracer values for oxygen diffusivity and
surface exchange coefficients is by Isotopic Exchange/Diffusion Profile (IEDP)
technique. Dense disk samples (>90%) of ceramic oxides are first prepared by polishing
one face to a 0.25ptm finish and then annealed at high temperature under oxygen of
known composition of 180 to 160 isotope. The gas/solid exchange and subsequent
diffusion of oxygen into the ceramic oxide then produces an 180 penetration depth that is
measured using Secondary Ion Mass Spectrometry (SIMS). This measurement is made
as a function of depth to yield a concentration profile that is fitted to Fick's second law of
diffusion to yield values of D* and k*. In the case when an external driving force is
present for gas/solid exchange and/or diffusion, due to either a concentration gradient or
applied potential, the chemical values diffusivity (Dchem) and surface exchange (kchem) are
instead obtained. A thermodynamic enhancement factor, y (where D* = Dchem/ and k* =
kche•r/), is utilized to correlate tracer to chemical diffusivity and oxygen exchange
coefficients, which can be expressed as:
1 a(o 0 2) 1 lnP0 2
2RT alnC0  2 alnC0
Equation 24
where R and T are the gas constant and temperature, respectively, P02 is the chemical
potential of oxygen, Co is the concentration of oxide ions and Po2 is the oxygen partial
pressure. Typically y is 100 for these ceramic oxide systems for either D or k.35 99, 108
Boukamp and coworkers' 9', 110 using IEDP/SIMS first observed the effect of
enhanced oxygen exchange on YSZ electrolyte by 56Fe ion implantation and subsequent
steady-state polarization. After ion implantation, they observed a 10-50 times increase in
surface exchange that was attributed to inducing a thin, mixed conducting layer on the
YSZ electrolyte surface. It was postulated that due to the induced electronic conductivity
along the entire ion-implanted surface, charge transfer could take place at the electrolyte
surface over an extended area away from the gold metal electrodes.
Grenier and co-workers""111 113 also using IEDP/SIMS techniques highlight the
difference in D* and k* between LSM and advanced cathode materials such as the
A2NiO4+d (where A = La, Pr, Nd), Lal-xSrxFel.yCoyO3-d (LSFC or LSCF) and Lal-xSrxFel.
yNiyO3-d (LSFN or LSNF), as shown in Figure 44. D* and k* values for LSC 29 and
LSF 1" 4 are also annotated in Figure 44 for reference. Using Equation 23, the L, for LSM,
LSC/LSF and A2NiO4+d, can be estimated at -720 0C to be -10nm, -10tm, and -~mm,
respectively. It can be observed that tracer diffusivity has a seven orders of magnitude
difference between LSM and these advanced cathodes. This clearly plays a significant
role in determining not only L, but also overall cathode ASR and ORR reaction pathway
in actual porous cathodes. However, despite this large difference in D*, it is remarkable
to observe that k* values of LSM and these advanced cathodes are separated by only one
or two orders of magnitude. This seems to indicate that oxygen vacancies on the surface
of these perovskites are not the sole controlling factor for surface exchange.
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Figure 44: Plot highlighting the relative magnitude of D* and k* at P0 2 = 0.21atm from a wide
range of materials. The difference in measured values for LSM and other advanced cathode
materials is roughly seven and two orders of magnitude for D* and k*, respectively. Adapted from
references 29, 111-113 and 114 .
A series of detailed studies by Kilner and coworkers, 27 29, 57, 97, 102 using 1802
isotope tracer measurements, on a number of doped perovskite and fluorite materials
examined the correlation between surface exchange coefficient and oxygen ion
diffusivity. Using IEDP in combination with SIMS, they conceived the h-plane plot that
correlated the surface exchange to diffusivity. Figure 45 shows the h-plane plot for
materials group based on their electronic conductivity. The group I and II perovskites
exhibit relatively fast surface exchange as these are mixed conductors. In comparison,
groups IIIa and IIIb display slow surface exchange kinetics as these are electrolyte
materials that are insulating and relatively inactive for direct surface exchange. From this
result, it was concluded that "electronic species are important for oxygen surface
exchange". 29 In agreement with the previous findings by Boukamp and coworkers. 109, 110
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Figure 45: Plot of h-plane for materials separated by electronic conductivity; Group I (Lal.
xSrxMnl.yCoyO3.d, Sml.xSrxCoO, LSCF) and Group II (CaZro. 9Ino.10 2.95, SrCeo.95Ybo.05o0 2.975, Lal.
xSrxYO3-x/2) are mixed conductors. Group IIIa for electrolytes (YSZ, GDC,
Lao.9Sro.1Gao.sMgo.20 2.85) at high temperature. Group IIIb is for electrolytes (YSZ, GDC) at low
temperature, that suggests a change in mechanism due to variation in slope. Reprinted from
reference 29.
Jacobson and coworkers,3 5' 15 in contrast, utilized dense thin films of
Lao.5Sro.sCoO 3-d supported on 8YSZ single crystal in order to make electrodes with well
defined structures to probe the oxygen exchange at the gas/solid interface. The Lc values
for these films were reported to be >40ýpm in the temperature range 6000 C to 8000 C, well
above the 0.5 jm film used in their studies.35' 115 This effectively limits the reaction step
to the surface exchange process, and any oxygen diffusion limitation is ignored. To
probe the oxygen exchange process, Jacobson used EIS techniques as a function of P0 2
and temperature to obtain chemical values of surface exchange, kchem, since a driving
force in the form of sinusoidal potential is applied to the system. For these dense thin-
films, the first-order chemical surface exchange coefficient, kchem, is determined by the
equation:35
1
kchem 
-
Equation 25
where 1 is the film thickness and the r is relaxation time constant of the 02 exchange.
Using the EIS data, z can be determined from the peak frequency of the low frequency
semicircle using the relationship:
coRC = cor = 1
Equation 26
For this dense thin-film Lao.5Sro.5CoO3-d, kchem values were observed to range from 10-3 to
10-5 from 8000 C to 6000C, respectively. Although these values were found to be in good
agreement with prior literature report by Kawada et al.,"16 the authors reasoned that thin-
film strain and surface inhomogeneity may have an affect on the absolute kchem values.
Nonetheless, even with the numerous studies performed to determine the precise
value of k for a wide range of materials, the rate limiting mechanisms have been difficult
to probe. One of the first attributions made for surface exchange limiting reaction was by
Endo et al.73 117 where dense La0.6Sr0.4CoO3-d thin films were deposited by PLD. Using a
thickness range from 0.1 pm to 3.O0•m, it was noted that there was no difference in EIS
magnitude at 8000 C, however differences were observed when varying Po2. From this
result, Endo concluded that surface exchange was limiting with the oxygen adsorption
mechanism as rate-limiting step on thin-film of La0.6Sr0.4CoO3-d.
Wilson et al." 8 also examined La0.6Sro.4CoO3-d films of-900nm thickness at
7250 C. Using a newly developed technique called non-linear EIS (NLEIS) it was
suggested that dissociative adsorption was the rate-limiting step to surface exchange, in
contrast with the findings by Endo. 73, 17 Dissociative adsorption was reasoned to be the
rate-limiting step due to the limited number of oxygen vacancy sites present on the
surface." 8
A recent paper by Adler et al.98 outlined a framework that used both energetic and
entropic contributions for the surface exchange reaction to determine the driving forces
for understanding the rate-limiting exchange mechanisms. From this framework, a rate
expression for k was developed and used to predict the dependence of oxygen exchange
to Po2 for mixed conducting oxides with metallic or semiconducting properties. Using the
predicted rate law, several possible rate limiting steps were hypothesized, such as (i)
chemisorption, (ii) dissociation, (iii) dissociative adsorption and (iv) incorporation.
These scenarios were tested against experimental results for k* (known as 91 * in Adler's
notation) on LSC and LSF cathode materials. For LSF, the resulting k* trends with P0 2
were found to provide a good fit with chemisorption limited mechanism as shown in
Figure 46a. For LSC, in contrast, experimental k* vs. P0 2 data fit in good agreement with
models attributing dissociative adsorption as the limiting mechanism, shown in Figure
46b. The plot of relative probability for various molecular configurations on the LSF and
LSC surface for chemisorption and dissociative adsorption limited ORR are shown in
Figure 46c and d, respectively. The highest point on curve the represents the
configuration of least probability that corresponds to the rate limiting step. The physical
meaning for chemisorption limitation is the presence of an energetic barrier to charge
transfer. For dissociative adsorption limitation, it is the lack of an available vacancy site
adjacent to a physisorbed and unstable diatomic oxygen intermediate.
-6 -5 -4 -3 -2 -1 0 4 -3 -2 -1 0
Log(P4,) (bar) Log(P) (bar)
-1
-2
-3
-4
(d)
ciative /
ption Limited
reaction coordinate reaction coordinate
Figure 46: (a) Measured surface exchange rate of Lal.-xSrxCoO3.d vs. predicted framework model
results for dissociative adsorption limited surface reaction. (9) and (A) x=0. at 7250C and 8750 C,
respectively and (n) x=0.4 at 9500C. (b) Measured surface exchange rate of Lal.xSrxCoO3-d vs.predicted framework model results for dissociative adsorption limited surface reaction. (9), (A)
and (+) x=0.2, 0.5 and 0.7, respectively at 7500C. Qualitative plot of relative probability of various
configuration along reaction coordinate for scenario that is (c) chemisorption limited and (d)
dissociative adsorption limited. Chemisorption limitation due to energetic barrier to charge
transfer. Dissociative adsorption limitation due to lack of available vacancy site adjacent to
physisorbed and unstable diatomic oxygen intermediate. Adapted from reference 98.
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More recently, Fleig et al. 119 modeled the relationship of P0 2 on oxygen surface
coverage, 0, and its effect on the exchange current density, io, for mixed conducting
oxides such as LSC or LSF. In this model, varied charged oxygen species
(02,ad, 0,'ad or 0,-d) were assumed to occupy surface sites instead of the usual assumption
of neutral adsorbed oxygen atoms (Oad) or molecules (02,ad). It was reasoned that
charged species contribute additional electrostatic interactions that alter the typical
Langmuir Po2-0 relationship used and improve prediction of the surface rate-limiting
reactions. To properly correlate io to P02, the assumption of oxygen surface exchange as
rate-limiting process of ORR was used to allow the modeled electrode resistance (Rel) to
be inversely correlated to io and k*.120 In their model for mixed conducting oxides such
as LSF or LSC, hole concentration (Ch) was given a P02 dependence (ch Cc P ) since it is
well known that these materials have P02 dependent electronic conductivity. In this study,
four rate-limiting step scenarios were used, namely, (1) oxygen ion incorporation, (2)
adsorbed oxygen molecule electronation, (3) dissociation of doubly ionized oxygen
molecule and (4) adsorbed oxygen atom electronation, with varying charged oxygen
surface species to observe the effect of P02 dependence of io. Results from the modeling
presented in Figure 47 show the slope of io vs. Po2 at 1000K for (i) oxygen ion
incorporation and (ii) adsorbed oxygen atom electronation as the rate-limiting step and
Oad as the major surface specie. It can be observed that a slight change in the slope is
found between high and low P02 that correspond to the regimes of high and low 0,
respectively. Table 5 summarizes the observed slope for io vs. Po2 under all modeled
scenarios examined with varied charged surface species. From the modeling results
obtained, similar k* or kchem vs. P02 dependence is, therefore, expected.
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Figure 47: Plot of model results from oxygen exchange current density for scenarios oxygen ion
incorporation and adsorbed oxygen ion electronation at a temperature of 1000K showing the
changes in slope corresponding to high and low 0 regimes. Reprinted from reference 119.
Table 5: Slope values for the plot of exchange current density vs. Po2 based on four scenarios of
ORR rate-limiting steps and varied surface species adsorbed on the mixed conducting oxide.
Rate-limiting step Low 9 limit High 9 limit
(Major surface species) (Low PoF) (High Po)
1. O d O + h +  (O-d ) 1/2 -3/8
0- 02+h'( + h/ (0 L
2,ad 2,ad + h (O2,ad) 3/4 -- 3/8
2. (O,2d) 3/4 - 3/8
) 3/4 - 3/8(o0d)
2,d 2ad (2,ad) 1/2 -- 1
3. (0- ) 1/2 -0
0 1/2 - 0
O; + V.o - Oo (O2,ad) 1/4 -- 1/8
4. (022,d ) 1/4 - 1/8
(Od) 1/4 - 1/8
De Souza 31 took a different approach to arriving at a mechanism for surface
exchange by empirically deriving a mechanistic expression using the P0 2 dependence for
k on a wide range of mixed conducting as well as insulating electrolyte materials. It was
suggested that given a similar P0 2 dependence of k as shown Figure 48, for both mixed
conducting as well as electrolyte based materials (k cc P'2 where m -0.25), identical rate-
limiting mechanisms should be in effect.
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Figure 48: P02 dependence of k for select fluorite and perovskite oxides: (A) LSCF, (B)
SrTio.9987Fe.oo00130 3-d, (C) CaZro.91no.102. 95, (D) Lao.9Sro.lGao.sMgo.202. 85, and (E)
Ceo.8 Gdo.201 .95. Reprinted from reference 31.
From this result, an expression for the surface exchange was derived as:
SKoe T (CCh)1 12
Cv
Equation 27
where co is the product of the rate constants of the limiting step, kB is Boltzmann's
constant (1.38x 10-23 m2 kg S-2 K-'), AHk is the activation energy for surface exchange and
cv, ce and ch are vacancy, electron and hole concentrations, respectively.
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Figure 49: Plot of k* and D* as a function of Po2 for LSM at 10000C. Open symbols are
experimental data and closed symbols are values predicted by Equation 27 showing
decreasing k at lower Po2. Adapted from reference 31.
Using LSM as an example, De Souza calculated the Po2 dependence of k for LSM,
shown as filled circles in Figure 49, and observed deviation from experimental values at
higher Po2. It is well known that measurement of k* using IEDP/SIMS techniques at high
Po2 or very slow bulk diffusion leads to challenges in obtaining accurate k* data. This is
due to isotope fractions in the gas phase approaching those on the surface of the material
being investigated that then results in large errors when fitting for k*. From the empirical
derivation in Equation 27, a rate-limiting step involving the transfer of a single electron
to adsorbed oxygen was proposed to be the rate-limiting mechanism for oxygen exchange.
Despite the insights gained from oxygen surface exchange studies over the past
two decades, only recently have the mechanisms underlying the oxygen exchange been
probed. In this chapter of the thesis, determination of the values of chemical capacitance
and kchem are made using EIS at varying Po2 to provide understanding of the rate-limiting
mechanism on the surface of LSM, the most technologically important cathode material
for SOFCs. The chemical capacitance values of LSM are also examined to provide
indication of vacancy content.21 Similar tests are done for LSF to compare the chemical
capacitance and kchem values. The approach used here to isolate the surface exchange as
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the rate-limiting reaction is by utilizing patterned and dense LSM and LSF films of 65nm
and 11 Onm thickness, respectively.
5.2 Surface Exchange Studies Using Thin-film LSM
To probe the surface exchange of the LSM microelectrodes, fully-dense and
crack-free 65nm thick LSM microelectrodes were tested as shown in Figure 50. Previous
EIS studies performed at 7500 C in these LSM films indicated that bulk reactions had
negligible contribution to the overall impedance as shown in Figure 40a. From the
literature it has been estimated that L, for LSM at 7200 C is -10nm (D*-10-14cm 2 /sec and
k*10-9cm / s ec) .29' 97 Although the investigated films here are thicker than the estimates
for Le, the nano-scale columnar grain morphology of -25nm grain widths, shown Figure
22, found in these LSM microelectrodes may provide a short-circuit diffusion pathway to
effectively enhance bulk transport in this material. 27 Therefore, the rate-limiting step is
predominantly surface exchange reaction and any bulk diffusion limitation may be
ignored.
EIS tests as a function of P0 2 were performed at 7500 C on the 65nm LSM
microelectrodes to isolate the surface reaction limiting mechanism during ORR. The EIS
results from these tests are shown in Figure 51 a using a range of 10-5 atm to 1 atm in P0 2.
It can be observed that only one clear semicircle, LF 1, is observed for this study and is
affected by the change in oxygen partial pressure. A clearer picture of the shift in peak
frequency of LF 1 with varying Po2 is shown in Figure 51 b where (-)Zim is plotted against
frequency. Using Equation 20, the chemical capacitance in F/cm2 can be calculated,
which is shown in Figure 52a at 7500 C and varying Po2. Misuzaki et al. 12 1 have
previously studied the oxygen stoichiometry of Lal-xSrxMnO 3-d where x = 0-0.5, shown
in Figure 52b, and this was found to decrease slightly in the P0 2 range examined here. It
can be speculated that oxygen vacancies formed on the surface and bulk of the 65nm
LSM microelectrode act to enhance the bulk transport properties in the material. In a
recent review, Adler 21 suggested that the capacitance provides a good measure of bulk
involvement and therefore indication of increased oxygen vacancy content.
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Figure 50: SEM image of 65nm LSM film surface showing fully dense film after anneal.
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Figure 51: Impedance vs. P02 for a -190pým size LSM (65nm thickness) using (a) Nyquist plot
and (b) Zim vs. frequency plot formats. Variation in impedance response as a function of Po2 at
750 0C is observed for the LF1 semicircle. Numbers in Nyquist plot are Frequency in Hz.
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from reference 121.
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To further shed light on the surface chemical reactions occurring on LSM,
examination of the kchem dependence on oxygen partial pressure can provide insights into
the reaction mechanisms occurring. The kche,,, data as a function of oxygen partial
pressure at 7500 C is plotted in Figure 53. kchem values ranging from ~-xl10 6 cm/sec to
~-xl0-4cm/sec are observed from low to high P0 2. The slope of PO2 dependence on kchem
(k oc Po2 ) is found to be m - 0.25-0.30.
De Souza et al.27, 29 have previously reported k* values for LSM as a function of
Po2 (10-3 atm to 1 atm) at 10000C that ranged from 10-7 to 10-6 cm/sec with an activation
energy of 1.33+0.20 eV. It was, however, noted that large errors for k* were observed for
data above Po2 of 10-3 atm due to limitations in the tracer techniques used. Therefore,
The reported data points above 10-3 atm could serve as minimum values for k* at best.
Carter et al.57 also reported k* values for LSM using isotope tracer measurements.
The observed k* values ranged from 10-8 to 10-7 between 7000C to 9000C at 10-4atm.
However, due to slow diffusion in LSM, these values are again subject to large error bars.
Finally, examining the plot by Grenier 113 shown in Figure 45, LSM k* value of 5x10-
9cm/sec at 7500C and 0.21atm Po2 can be estimated.
To compare k* values reported on LSM, 27, 29, 57, 113 with the obtained kchem in this
thesis, a thermodynamic enhancement factor y (where k* = kchem/Y) is required. The
thermodynamic enhancement factor typically varies around y = 90-150 under these
testing conditions. 35, 99 Factoring in the y to the reported literature values for k* would
result in kchem values ranging from 10-5 cm/sec to 10-4 cm/sec for De Souza27, 29 and 10-6
cm/sec to 10-5 cm/sec for Carter57 and 5x 1 0-7 cm/sec for Grenier. 113 These results,
although not precisely matching are in general agreement with the observed kchem from
this study (10-04 cm/sec to 10-06 cm/sec). Differences in kchem may arise due to surface
exchange dependence on surface morphology, surface strain and crystal orientation,
which may lead to large deviations on the thin film samples utilized here. 35
Examining the activation energy for kchem, a value of 2.02±0.02 eV was calculated
for the 65nm thick LSM sample in the temperature range of 5700C to 8000C in ambient
air (shown as LF1 activation energy in Table 4 on page 71). The only literature reported
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values for k* activation energies on Lal.xSrxMnO3-d were by De Souza27' 29for x = 0.2 and
0.5 at 1.33±0.22 eV and 2.42±0.42 eV, respectively. Although the obtained kchem
activation energy for the similar composition x=0.2 is higher in comparison to reported
values, 7"' 29 the differences that affect overall surface exchange magnitude between bulk
studies done in the literature and thin film studies performed here may contribute to the
variation in thin-film temperature dependence that leads to differing Ea.
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Figure 53: kche,, as a function of P0 2 for 65nm LSM showing decrease in surface exchange
coefficient at lower oxygen partial pressure. P02 dependence (or slope) of kche,, is -0.25-0.30.
On the rate-limiting mechanism for kchem on LSM, De Souza3 1 derived an
empirical expression for surface exchange, see Equation 27, that scales k and Po2 with a
slope dependence of ¼. By conventional wisdom, k is expected to increase with
increasing vacancy concentration, however, hole and electron concentration can also
change when vacancy concentration is altered. Therefore, the term (CeCh/2 in Equation1/2
Cv
27 can or may cancel out any enhanced vacancy concentrations at low P0 2. Therefore,
this term merely serves to control the overall magnitude of k given that mixed conductors
will have a higher population of free electron and holes in comparison to electrolyte
insulators. Comparing this to our 65nm LSM study, we note a slope dependence of
-0.25-0.30 for kchem with varying Po2 that is in good agreement with Equation 27. For
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this P0 2 dependence, De Souza has proposed the rate-limiting reaction for surface
exchange to the charge-transfer of electron to adsorbed oxygen.31 However, limited
examination of possible reaction mechanisms in that study precludes a definitive
conclusion on the rate-limiting mechanisms.
5.2.1 Comparison with Surface Exchange on LSF
EIS tests as a function of Po2 were performed at 7500 C on 1 10nm LSF films and
results are shown in Figure 54a in the Po2 range of 10-5 atm to 1 atm. One clear semicircle,
LF 1, is similarly observed in this material that is found to vary in magnitude with
changing Po2. The shift in peak frequency under varying Po2 is shown in Figure 54b
where (-)Zim is plotted against frequency. The peak frequencies observed for LSF are
approximately 1 order of magnitude lower than LSM.
The chemical capacitance in F/cm 2 for LSF is also calculated, using Equation 20,
and shown in Figure 55a at 7500C and varying Po2. The chemical capacitance for LSF is
found to be approximately 1 order of magnitude higher than LSM. As previously
mentioned in Section 2.3, LSF is known to have higher ionic conductivity than LSM due
to enhanced oxygen vacancy concentration in the bulk. As a result, the chemical
capacitance measured for LSF, shown in Figure 55a, is higher than that observed in LSM
in Figure 52a.
The surface exchange results for LSF are, in contrast, found to be on the lower
range of kchem values in comparison to the LSM films observed here. Since LSF has
approximately 1 to 2 orders of magnitude lower electronic conductivity than LSM, 122 the
kchem results observed here are in good agreement with De Souza's3 1 hypothesis that
electronic properties directly control the magnitude of surface exchange. In addition, a
slope dependence of -0.30 is observed for kchem upon varying P0 2, showing somewhat
close correspondence to the empirical derivations by De Souza where charge transfer was
attributed to be the rate-limiting step.31
The activation energy values for kchem were also calculated from the Arrhenius
relationship, plotted in Figure 56, and found to be range from 1.93 eV to 2.06 eV.
Previous literature reports have provided anywhere from 1.3 eV to 1.8 eV for kchem on
LSCF-based' 23 materials and 1.67 eV for LSF 64 in the temperature range of 8500C to
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650'C. Although the Ea values obtained in this study are slightly elevated in comparison
to literature reports, the surface properties of the LSF thin films examined here could
have varied temperature dependence leading to differences with previous literature
reports.
In the attempt to further understand the rate-limiting mechanism for surface
exchange, we examine the kchem results obtained here using a more recent and thorough
study by Adler et al. 98 In that study, four possible rate-limiting reaction scenarios, (i)
chemisorption, (ii) dissociation, (iii) dissociative adsorption and (iv) incorporation
limited, were examined and models of P0 2 dependence for k* was derived in each case.
The LSF material as previously described by Adler, shown in Figure 46, gave a
consistent fit with the predicted results of chemisorption limited mechanism for ORR.
The P0 2 trends observed for LSF kchem in this study shows similar slope dependence as
with those predicted by Adler providing an indication that a possible chemisorption
limited mechanism for ORR occurs on the thin-films examined here. Given similar
dependence k vs. P0 2 dependence for LSM, the rate-limiting reaction for ORR may be
similar.
On the other hand, using the recent modeling results by Fleig et al., 119 the slope
dependence of surface exchange with P02 is shown in Table 5. From the results
obtained in the thin-film experiments here, the rate-limiting step point for ORR points, in
contrast, towards oxygen incorporation.
It is therefore evident that results by De Souza,31 Adler 98 and Fleigl 19 all point
towards different limiting reaction mechanisms for similar k vs. P0 2 dependence. This
leaves much ambiguity to the attribution of the surface exchange rate limiting reaction
that will require further research to clarify the limiting reaction for surface exchange on
these materials.
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Figure 54: Impedance vs. P0 2 for a -170ptm size LSF (110nm thickness) using (a) Nyquist plot
and (b) Zim vs. frequency plot formats. Variation in impedance response as a function of Po2 at
7500C is observed for the LF1 semicircle. Numbers in Nyquist plot are Frequency in Hz.
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due to increase in oxygen vacancy concentration from reduced Po2. (b) kchem as a function of P0 2
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5.3 Conclusions for Oxygen Surface Exchange on LSM and LSF
The objective for this study was to isolate the rate-limiting reaction on dense and
thin-films of LSM and LSF to the surface oxygen exchange process, measure the surface
exchange coefficient, determine the chemical capacitance for each material using
impedance techniques, and identify the rate limiting step to oxygen surface exchange.
The surface exchange on LSM, the most technologically relevant cathode material for
SOFCs has not been given the same attention as with enhanced cathode materials such as
LSF and LSC due to the perception of this material being primarily bulk diffusion limited.
However, in the case of 65nm LSM films, elevated testing temperatures may provide a
means of neglecting bulk transport resistance and create the condition of having surface
exchange limited ORR.
In this work, by probing the surface exchange on LSM and comparing this with
LSF, we have made a new observation showing the kche, values for LSM is greater than
LSF. This result, contrary to conventional wisdom, reveals that the electronic properties
of a material are highly important to enhancing surface exchange kinetics, rather than
oxygen vacancy content, as postulated by De Souza and coworkers. The kche,, values for
LSM and LSF were also found to have similar slope dependence with Po2 ranging from
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0.25 to 0.30. This slope dependence was found to have good agreement with De Souza's,
Adler's, and Fleig's results. However, each of these studies yielded inconsistent rate-
limiting reaction steps for ORR under the same Po2 dependence of k. Further research is,
therefore, required to determine the unique rate-limiting reaction step for surface
exchange on these films.
For this study, it was observed that the capacitance for LSF is greater than LSM
that points to higher oxygen vacancy contents for LSF. Capacitance values were also
found to increase as Po2 was reduced in agreement with the expected trend of higher
vacancy content at lower Po2.
Methods for enhancing the surface vacancy concentrations on LSM and LSF are,
therefore, essential for improving ORR kinetics especially when utilizing sub-100nm thin
film electrodes that would be suitable for micro fuel cell applications. This is the topic
we explore in the next chapter by performing electrochemical polarization treatment on
65nm thick LSM microelectrodes. Polarizing potentials are used to increase catalytic
activity of the electrode and our aim is to probe the underlying reason for this catalytic
enhancement.
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Chapter 6. ORR Activity Enhancement on LSM:
Cathodic/Anodic Polarization
6.1 Background on Electrochemical Enhancement of LSM
Cathodes
There are numerous methods to enhance LSM performance, from creating high
surface area composite electrodes,124, 125 impregnation of nano-catalysts 126-128 and use of
an interlayer between the cathode/electrolyte interface. 125, 129, 130 However, these
techniques involve using specialized materials or extra fabrication steps to obtain the
microstructure and powder needed for high performance cathodes. One method that
allows for enhancement, independent of the manufacturing condition is via application of
imposed current or polarization potentials. 24-26' 67, 68, 123, 131-141 This process has been well-
known to enhance electrode performance by an order of magnitude or more. 25, 131-134, 136-
138
Numerous reports have shown the reduction of magnitude for electrode resistance
upon cathodic DC treatment on porous LSM,50, 68, 133 LSM-YSZ composite cathodes, 138,
141, 142 LSM dense thin films'00 and LSM patterned, dense microelectrodes.75 Moreover,
upon switching to the anodic DC treatment, the overpotential is found to increase by
almost 2x.25, 133, 137 To date, a general agreement on the causes of these activation effects
has not been reached.
6.1.1 Cathodic Polarization
Hammouche et al. 67 performed one of the first studies of cathodic polarization
using porous Lal-.SrxMnO 3-, (where x = 0 to 0.5) on YSZ. In this study it was observed
that with increasing Sr content, lower cathodic polarization voltage was required to
obtain enhanced electrode performance. This improvement in LSM performance was
attributed to higher oxygen vacancy concentration with increasing Sr-doping levels that
significantly broadens the reaction zone away from the TPB.
Lee et al.24 came to the same conclusion of increased oxygen vacancy generation
during cathodic polarization. Lee performed in-situ XPS in ultra-high vacuum (UHV) on
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LSM while varying the polarization potential from OV to 0.8V at 6500 C. It was observed
that the manganese (Mn) 2p peaks shifted to lower binding energies with increasing
polarization. This decreased binding energy was explained to be a result of Mn 4+ to Mn3+
reduction. Manganese reduction would result in removal of oxygen from the lattice for
charge compensation and form vacancies on the LSM surface, as observed by XPS.
However, it is not clear whether the same phenomena would occur in ambient air
atmosphere and not under UHV conditions of XPS.
In a study by Jiang et al., 50 the removal of passivating phases on the surface of
LSM was the reason for enhanced LSM activity. Jiang performed acid etching of
sintered Lao. 72Sro.18MnO 3-8 powders in IM HCl at room temperature for -15mins. ICP
chemical analysis of the acid with dissolved ions from LSM was performed and a
disproportionate number of Sr and Mn ions were found. EIS studies of the acid-etched
cathode showed much smaller impedance than un-etched LSM. Therefore, the existence
of SrO and MnOx phases that passivate the surface sites of LSM was explained to be the
source of initial high overpotentials. In addition, both acid and un-etched samples were
subsequently polarized at 200mA/cm 2 with impedance enhancement only observed with
the un-etched LSM. This result was used to explain the need to electrochemically clean
the surface of LSM cathodes by removal of the SrOx and MnOx passivation layers. In a
related work from the same research group, 133 the relaxation behavior of cathodically
polarized LSM was studied. Powder LSM cathodes were polarized at a constant 300
mA/cm2 for 3 hours and it was noted that it took up to 100 hours at 8000 C for the original
impedance to return to pre-polarization values, further suggesting cation migration
mechanisms.
A study by Baumann et al., 134 using dense and patterned thin-films of
LaO.6Sr0.4COO.8Fe.20 3-d, examined the surface composition of the transition metal
elements using ex-situ XPS before and after cathodic/anodic polarization. XPS results
showed that cathodic bias significantly reduced the La contents on the surface and
improved electrode activity by over two orders of magnitude as shown in Figure 57.
Baumann also measured relaxation times for LSCF and found faster relaxation at higher
temperatures. However, the tests were terminated only after a 6 hour interval. From the
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reported data, the complete relaxation time for LSCF can be extrapolated to -40 hours at
700 0C.
I.U.3
0.2%
0.2(
E
, 0.1(
0.05
O.0(
a I
Z [acm2] (a)
50-
40-
C
o
0
30-
10
La Sr Co Fe
Element (b)
Figure 57: (a) Nyquist plot showing before cathodic polarization (filled circles) and after
cathodic polarization of 1V (open circles); and (b) XPS elemental data of LSCF
microelectrode from Baumann et al. Anodic and cathodic polarization of IV for 10 Omins at
750 0C. Adapted from reference 134.
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McIntosh et al. also reported observing an enhanced effect for LSM/YSZ
composite cathodes by a factor of 50 after applying cathodic currents of up to
300mA/cm 2 at 700 0 C. No elemental analysis was performed with the composite cathode.
However, relaxation of EIS back to its original state was recorded and took up to 12hrs at
the zero polarization state.
Given the tens of hours relaxation times observed for cathodes to return to the
pre-polarization impedance, the enhancement suggests a cation motion in the perovskite
materials rather than just simple formation of oxide ion vacancies as re-oxidation of these
materials at high temperature would occur in significantly shorter times. 21
6.1.2 Anodic Polarization on Dense and Thin Films
Mizusaki et al. studied the effect of cathodic and anodic polarization potentials on
0.9 gm to 2.0 gpm thickness, dense films of LSM from 700'C to 9000 C, and as a function
of varying P0 2.100 Contrary to results obtained from porous electrodes, anodic
polarization of -100 mV led to explosive breaks of the dense LSM films due oxygen
evolution at the cathode/electrolyte interface. The buildup in oxygen pressure led to
surface blistering to release evolved oxygen trapped at the cathode/electrolyte interface.
A model for this blistering process was proposed and illustrated in Figure 58.100
Brichzin et al.75 observed similar results for anodic polarization on patterned and
dense LSM microelectrodes ranging from 10-200 ptm in diameter with 100nm thickness.
Anodic polarization potentials >500 mV created explosive blisters on the LSM films due
to oxygen evolution at the cathode/electrolyte interface.
From the applied anodic polarization potential, the effective P0 2 at the
electrode/electrolyte interface can be calculated using the expression:
R T panode
applied nF • Poathode
Equation 28
where Rg is the gas constant (8.314 J/mol-K), T is the temperature in Kelvin, n is the
number of electrons transferred, F is Faraday's constant (96,500C/mol) and PO2 is the
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Figure 58: (a) Schematic of LSM blistering from anodic polarization on dense and thin-film
electrodes. (b) Optical micrograph of dense LSM microelectrode with blistering after treatment
of >500 mV anodic polarization. Figure 58a and 58b reprinted from references 100 and 75,
respectively.
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oxygen partial pressure at i = anode (evolved oxygen interface) and cathode (background
oxygen atmosphere, 0.21 atm). Using a nominal value of 0.5 V for the applied anodic
polarization at 7500 C results in an interface oxygen pressure of 1.05xl 04 atm, which
causes the film to rupture.
In this chapter of the thesis, electrochemical polarization of 5 V for 20 mins is
applied, cathodically and anodically, on 65 nm LSM dense and patterned films at 6600 C
and subsequently tested by EIS to observe the activation effects of the treated
microelectrode. Using dense and thin-films of LSM allows for simplified probing of the
underlying reasons behind the activation enhancement in this material. From this
approach, model electrode systems with easily accessible, flat and well-defined surfaces
are utilized that can be examined visually or by use of elemental probing techniques such
as Auger electron spectroscopy (AES) to further determine the source of electrochemical
enhancement. A comparison study using AES on pristine LSM powders is also
performed to compare the surface elemental properties against the thin films.
6.2 Electrochemical Enhancement on LSM
Using 65 nm thick LSM microelectrodes, the effect of anodic and cathodic
polarization potentials was examined on the LSM microelectrodes using EIS and AES at
660'C and ambient atmosphere. All EIS experiments were before and after the
application of a 5 V potential that was held constant for 20 mins. In addition, annealing
experiments were utilized on the cathodically polarized film to examine the level
catalytic enhancement after polarization.
6.2.1 Cathodic Polarization
The results from cathodic polarization of 5 V for 20 mins in air at 6600 C are
presented in Figure 59a-b. The pristine 200 ptm electrode sample initially had overall real
impedance (Zre) of 14 MO. Immediately after cathodic bias testing at 6600 C, the
magnitude of Zre was reduced to 3.75 MQ (without cathodic bias applied during EIS).
This result is in agreement with the previous polarization studies performed on LSM and
other thin film microelectrodes that enhancement occurs with application of cathodic
polarization. 24-26, 67, 68, 123, 131-141
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Figure 59: (a) EIS plot of pristine 65nm LSM microelectrode against a 5V-20min cathodic polarized
sample at 660°C. Polarization on 65nm thick LSM electrodes showing reduced impedance. (b)
Optical micrograph of 5V-20min treated sample in center with darkened edges visible after
treatment. Adjacent areas contained blisters due to internal current generation
Using optical microscopy, shown in Figure 59b, the cathodically biased LSM
microelectrode was found to have a darkened area approximately 10 Jlm wide along the
entire edge of the microelectrode. AES studies were made to investigate the surface
elemental composition and the effects of cathodic polarizing potentials on the LSM
microelectrode. To preserve the surface chemical state immediately after polarization,
the samples were quenched to room temperature by rapid removal from the heating stage.
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Initial full spectrum AES scans, as shown by the differential energy plot in Figure
60, were completed to ensure that the material had sufficient electronic conductivity and
no charging effects. High resolution scans, shown in Figure 61a-d, are focused on the
primary peaks from the LaMNN, SrLMM, MnLMM and OKLL transitions at 710 eV, 1640 eV,
585 eV and 510 eV, respectively. These peak energies were chosen to avoid signal
overlap and obtain accurate quantitative distribution of elemental contents on the surface.
The AES high resolution scan from two locations (i) sample center and (ii) darkened
edge for the 5V-20min cathodically polarized is shown in Figure 61 a-d using the
differentiated energy spectrum where blue and red are for the center and edge positions,
respectively. Signal intensity variations are clearly observed for the LamNN, SrLMM,
MnLMM transitions signifying a change in the chemical composition between the edge and
center of the sample after cathodic polarization.
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Figure 60: AES full spectrum scan from 0 eV to 2000 eV of the 5 V and 20 min cathodically
polarized LSM microelectrode.
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Figure 61: High resolution AES examination of the (a) OKLL, (b) SrLMM, (c) MnLMM and (d) LaMNN
transitions at 710eV, 1640eV, 585eV and 510eV, respectively. Blue line is for center and Red is
for darkened edge of the LSM microelectrode. Intensity variations for LaMNN, SrLMM and MnLMM
are evident showing a change in LSM composition between edge and center positions on the LSM
microelectrode.
Elemental quantification of AES results from the as-deposited surface of the
cathodic polarized LSM is presented in Figure 62a. Oxygen elemental contents are
neglected in the analysis as this was found unaltered. The as-deposited surface of both
unpolarized and 5V-20min cathodic polarized samples along the center of the
microelectrode shows significant La-enrichment with atomic concentration values of La
81%, Sr 9%, Mn 10%. Calculating an effective LSM stoichiometry for the surface, while
neglecting the oxygen contribution, would result in La0.80Sr 0.o0Mn0.10 after normalizing
with ideally stoichiometric La content.
In contrast, along the darkened edge of the cathodically polarized sample, the
atomic concentration values for La are significantly reduced to 36%, with commensurate
increases for Sr at 35% and Mn at 29%. Similar calculations to obtain an effective
stoichiometry yield a value of Lao.80Sr 0.78Mn0 .64.
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Ar+ ion sputtering was then performed on the cathodic polarized films to remove
a -20 nm layer from the top surface and examine elemental contents along the film
interior. The results from AES quantification along the film interior, presented in Figure
62b, show the return of La-enrichment for both center and darkened edge areas on the
LSM microelectrode. This suggests that cathodic polarization induced large changes in
cation stoichiometry that affect only a few nanometers into the LSM bulk given that AES
analysis penetration depth is typically below 3nm.
Examining the time dependence of impedance and surface elemental contents, a
microelectrode was held at 6600C for 12 hours after cathodic polarization. EIS tests were
performed after the annealing step and the sample was immediately quenched to room
temperature for AES analysis. Figure 63a shows the initial EIS spectra from a -190 itm
size LSM microelectrode before polarization treatment, after polarization and after the 12
hour anneal at 6600C. The EIS magnitude is observed to increase from a minimum of
3.75 M(n immediately after polarization to -8.7 MQ after the 12 hour anneal. Elemental
quantification of AES results show the La-content to also shift from a minimum of 36%
after polarization to -56% after the 12 hour anneal, as shown in Figure 63b. The
cathodic polarization and relaxation studies suggest that La-concentration and cation
migration during polarization can greatly influence the magnitude of electrode resistance
observed.
The results found in this study are in contrast to the findings by Jiang et al., 50
where the enhancement effect was attributed to removal of surface SrO and MnOx
species. Although, relaxation effects in the tens of hours were similarly observed.
Baumann et al.,134 on the other hand, using LSCF dense and thin-film cathode
microelectrodes found over an order of magnitude decrease in EIS together with a four
times reduction of La along with a simultaneous 50% increase in Sr surface concentration
under 1V cathodic treatment for 10mins. This result for LSCF shows good agreement
with the LSM studies made here that indicate La plays a crucial role in controlling ORR
kinetics.
A related ab initio computational work by Lee and Morgan, 143 showed that the
surface energy required to form oxygen vacancies on LaMnO 3 (LMO) surfaces varied
depending on the crystal plane and cation termination layer. Their calculations showed
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the (100) surface having the lowest and most stable surface energy for LMO. Using the
(100) plane, it was shown that La-terminated surfaces had almost a 1 eV higher activation
energy to form oxygen vacancies in comparison to Mn-terminated surfaces, shown in
Figure 64. This variation in Ea was hypothesized to result in very large differences in
surface vacancy concentrations for LMO depending on surface termination that would
affect oxygen reduction kinetics.
Following the trends in ab initio results from Lee and Morgan 143 where vacancy
formation energetics are affected by element surface termination (Mn-termination is -1
eV lower against La-termination), it is evident that La-enrichment at the surface reduces
vacancy concentration and therefore lowers ORR kinetics on LSM. Cleaning of the
surface layer by application of cathodic polarization reduces La-enrichment and provides
added vacancy sites for ORR reactions.
As further confirmation of enhanced ORR activity, kchem from a cathodically
polarized LSM electrode is enhanced by 1 order of magnitude (from -3x10 -6 cm/sec to
-2x10 -5 cm/sec) at 6600C and ambient air. This puts kchem value for polarized LSM at par
with unpolarized electrodes at 7500C, as shown in the Chapter 5.2.
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Figure 62: Elemental quantification of AES from (a) as-deposited surface of a unpolarized LSM
microelectrode, as well as, center and darkened edge of a 5V-20min cathodic polarized
microelectrode. (b) After Ar÷ ion removal of -20 nm surface layer of 5V-20min cathodic
polarized microelectrode. Note the similar elemental content between the center section of
unpolarized and polarized sample while darkened edge has significant reduction of La contents.
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Figure 63: (a) EIS plot of pristine 65nm LSM microelectrode, against a 5V-20min cathodic
polarized electrode immediately after treatment and relaxation after a 12 hour anneal at 6600 C.
(b) AES elemental quantification from as-deposited pristine surface versus the edge of a 5V-
20min cathodic polarized sample immediately after treatment and after a 12 hour anneal at
6600C.
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Figure 64: Plot of ab initio results from LaMnO 3 calculations of surface vacancy formation energies
along the (100) plane as a function of element termination layer. Adapted from reference 143.
6.2.2 Anodic Polarization
Polarization testing was repeated for the anodic case, using a similar 5 V and 20
mins treatment at 6600 C in ambient air and similar AES high-resolutions studies were
performed, as shown in Figure 65.
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Figure 65: High resolution AES examination after anodic polarization of the (a) LaMNN, (b)
SrLMM, (c) MnLMM and (d) OKLL transitions at 710eV, 1640eV, 585eV and 510eV, respectively.
Blue line is for center position and Red is for edge area. Intensity variations are not evident for
the anodically polarized electrodes.
AES elemental quantification was performed high-resolution scans on three
distinct areas of the anodic polarized electrode. The (i) center, (ii) blister/pore and (iii)
edge were examined and results are shown in Figure 66 where atomic concentration % is
plotted as a function of the element examined. The surface elemental contents of the
anodic polarized LSM microelectrodes were found to be unchanged when examining the
untreated sample, compare Figure 66 anodic treated to Figure 62a pristine film sample.
These anodic polarization results in LSM are in agreement with Baumann et al.134 results
from LSCF patterned thin-film microelectrodes. In their study of LSCF, no changes in
surface stoichiometry could be detected between the anodic polarized and un-treated
microelectrodes, as shown previously in Figure 57.
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Figure 66: Elemental quantification of AES from the (i) center, (ii) edge and (iii)
as-deposited surface for anodic polarized LSM, 5V-20min treated.
pore/blister of
Nonetheless, after anodic polarization, the overall impedance from pristine -140
ptm LSM electrodes was found to decrease from 18 MC to less than 3 MQ after treatment,
shown in Figure 67a. Optical microscopy inspection revealed blistering of the anodically
polarized microelectrode, as shown Figure 67b. Therefore, the enhancement of
impedance is solely due to the creation of new TPB lines that allow faster reaction
kinetics in comparison to slow bulk diffusion along the thickness of LSM.
These observations are in agreement with previously reported results on LSM
using dense thin film, 100 as well as, patterned thin-film microelectrodes.75 Blister
formation can therefore be tied directly with creation of new TPB lines on the
microelectrodes that reduces the overall impedance magnitude.
Interestingly, the results for dense and thin-film electrodes are found to be in
contrast with porous LSM electrodes. For porous LSM, anodic polarization have shown
up to a 2x increase in impedance magnitude. 25' 133, 137 This observation has been
attributed to oxidation of Mn cations in LSM that reduces the overall concentration of
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oxygen vacancies on the surface. Given the large amount TPB present on the porous
electrodes, different mechanisms could be taking that lead to such contrasting
observations during similar anodic polarization conditions.
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Figure 67: (a) EIS plot of pristine 65nm LSM microelectrode against a 5V-20min anodic
polarized sample at 6600 C. (b) Optical micrograph of 5V-20min anodic polarized sample with
blisters/pore generated on the tested microelectrode.
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6.2.3 Acid Etching of LSM Microelectrodes
AES examination of HCI etched LSM was also performed to determine the effect
of acid etching on the surface of the microelectrodes. A previous study by Jiang et al., 50
observed the predominant removal of Mn and Sr ions, up to 10 times greater than La
when compared to sample stoichiometry, into an HCI acid solution. This result led to the
attribution of enhanced ORR activity due to removal of SrO and MnOx passivating
species on the surface of LSM. Quantification of AES results in this study, as shown in
Figure 68, suggests instead a decrease in La from La-enriched thin-films after acid
leaching, in contrast with the acid etching results by Jiang. Removal of La, as shown by
cathodic polarization leads to the same type of enhancement as acid-etching would have
accomplished.
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Figure 68: AES elemental quantification of HCI etched surface (15seconds) versus as-
deposited pristine surface of 65 nm thick LSM.
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6.2.4 LSM Powder Surface Studies
To determine whether La-enrichment at the LSM surface is only particular to
sputtered and dense thin-films, Lao.sSr0.2MnO 3-d powders were synthesized and examined
by AES. Powder synthesis involved standard sol-gel processing and calcination in air at
12000 C for 10hours. The microstructure was investigated using SEM, phase purity
examined by XRD and surface elemental contents probed using AES. Figure 69a shows
the microstructure of the synthesize powders with -100-300nm particle sizes after
calcination. XRD revealed single phase LSM material (space group R-3c, a=b= 5.48 A,
c= 13.31 A, V=349.09 A3), see Figure 69b, that is well-matched with Lao.8Sro.2MnO 3.d
reference material.80 AES measurements shown in Figure 69c also show La enrichment
(-100% enhancement) at the surface of LSM powders. It is, therefore, clear that La
enrichment on these materials is independent of the synthesis routes utilized - either sol-
gel processing or physical vapor deposition via RF-sputtering.
In a study by Choisnet et al., 144 LaNiO 3 and La2NiO4 were co-precipitated and
sol-gel synthesized, respectively, and calcined at 9500C for 15hrs in air to obtain phase
purity. Surface elemental concentrations were then examined using XPS and in both
samples, up to 100% increase the stoichiometric concentrations of La were found on the
surface in comparison to the results from bulk.144
Choi et al. 145 examined two composition for Lal-xCaxMnO 3 (LCM) with x = 0.1
and 0.35 that where deposited by RF-sputtering to a final thickness of 250nm. For LCM
with x = 0.1, XPS studies showed surface terminal layer was predominately composed of
La or Ca. For LCM with x = 0.35, the films showed predominant Mn termination at the
surfaces. The variation in surface elemental segregation was explained due to lowering
of surface energetics. 145
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Element (C)Figure 69: (a) Electron micrograph of Lao.8Sro.2MnO3-d powder after calcination in air at
12000 C for 10 hrs. (b) XRD pattern of Lao.8Sro.2MnO 3-d showing single phase and bulk
stoichiometric material. (c) AES elemental quantification for two different areas along
the surface of the calcined Lao.8Sro.2MnO3.d powder showing strong La enrichment
similar to the LSM thin-films deposited in this study.
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In another study, Decorse et al. 146 examined the effect of varying cooling
conditions to Lal-xSrxMnO3-d powders in the range of x = 0 to 1. The LSM powders had
undergone thermal treatment in air for 2hours and either slow-cooled at 1 0C/min rate or
immediately quenched. Using XPS it was observed that the surface of Lal-xSrxMnO 3-d
for x<0.3 had 8-12% La enrichment independent of processing conditions. In contrast,
for LSM with x>0.2, up to 20% Sr enrichment was observed. However, Mn contents
throughout the entire range of x from 0 to 1 were found to be 10-20% deficient and again
independent of processing condition.
From the above mentioned studies, A-site cation doping results tends to create La-
enrichment along the perovskite oxide surface. Strategies to enhance powder surface
qualities as well as thin-film surfaces are, therefore, required to ensure higher
performance starting cathode materials.
6.2.5 Un-Contacted Electrode Effect and Non-uniform Current Density
On the un-contacted microelectrodes at the periphery of the treated
microelectrode, unexpected blistering of the LSM film was found to occur during both
anodic and cathodic polarization. From previous literature reports, 75'' 100 it has been
known that blistering occurs due to oxygen evolution along the LSM/8YSZ interface. On
un-contacted electrodes, given that no net current flow is occurring, one possible
explanation for this observation is the generation of internal currents within a single LSM
microelectrode due to the presence of a potential gradient.
Anodic polarization testing of individual microelectrodes showed that voltages
>200mV were required to cause blistering effect during the 20min polarization treatment.
Therefore, a potential gradient above this threshold is required to generate internal
currents along one LSM microelectrode.
To calculate the potential gradient along the 8YSZ, we assume a 1MW total high
frequency resistance and total low frequency impedance of 5MC2 for a 5V applied
potential using a 100 tm x 100Itm LSM microelectrode. From the low frequency data, a
total current of 1 tA can be calculated to be passing through the LSM/8YSZ/Pt assembly.
From this current level and the assumed high frequency resistance for 8YSZ, we see that
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a 1V potential drop maybe be obtained along the 8YSZ electrode. This potential gradient
was then modeled using Cell Design current modeling software (from L-Chem Inc.,
Cleveland, OH) to generate equipotential lines as shown Figure 70. Areas in red signify
close to 1V potential while lighter blue areas represent potentials approaching OV.
Examining the position of directly adjacent LSM microelectrodes, illustrated as a
schematic in Figure 70, it can be observed that these could possibly observe potential
gradients >200mV that would cause internal currents to create blisters along the sample.
A schematic of the internal current process is illustrated in Figure 71 where oxygen
reduction and evolution occurs at opposite sides of the LSM electrode.
Figure 70: Plot of equipotential lines for a 1V potential difference between LSM and Pt
counter-electrode along entire right hand side. Red4Blue signifies potential from IV-0OV.
A dashed line is drawn to provide a guide for voltage drop in the 8YSZ electrolyte.
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Figure 71: Schematic of internal current generation along un-contacted LSM microelectrode
during polarization treatment.
6.3 Conclusions for Electrochemical Enhancement on LSM
The objective for this study was to determine the underlying cause of electrode
enhancement after application of polarization potentials. A general agreement on the
causes of this enhancement effects has not been reached with workers in this field
pointing towards two varying mechanisms: (i) reduction ofLSM under cathodic
polarization potential to create oxygen vacancies or (ii) migration of cations to remove
surface impurities and increase the number of reaction sites.
For this study, we apply cathodic/anodic polarization potentials on the 65nm LSM
thin-film microelectrodes and perform ex-situ elemental analysis of quenched and
annealed samples by AES to observe the effect on surface chemical contents. In addition,
examination of unpolarized and acid-etched LSM films, as well as, pristine LSM powders
are also performed to determine the effect acid etching and the initial surface elemental
condition of the powder based materials, respectively.
The results observed in this study show that pristine or untreated thin-film LSM
electrodes show significant La-enrichment (up to 100%) over ideal stoichiometry. La on
the surface was found to be significantly reduced (-50%) by cathodic polarization of 5 V
for 20 mins. This result was found in contrast to previous studies on LSM that attributed
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MnOx or SrO passivation species on the surface and their removal as the source of
electrochemical enhancement. High temperature annealing of LSM after cathodic
polarization showed increase or relaxation of La to near-pristine enrichment levels further
confirming these results. Literature reports on dense LSCF thin-film microelectrode also
show similar behavior, reduction of La content on the surface, during cathodic
polarization. Acid etching of the LSM films also reveals similar decreases in La-content
at the surface that suggest enhanced electrochemical activity, similar to cathodic
polarization.
Results for anodic polarization testing showed a decrease in overall impedance
magnitude with no changes observed in surface elemental contents. Literature reports on
dense LSCF thin-film microelectrodes similarly show no variation in the surface
elemental contents after anodic polarization. Impedance enhancement was, instead,
observed to be from blisters formed on the LSM films that created additional TPB areas.
This result is in agreement with previous studies on dense LSM thin-film or patterned
microelectrodes, but, in contrast, with porous LSM studies that show increase in
impedance magnitude during anodic polarization. It is speculated that varying
mechanisms are occurring with these two varied electrode microstructures.
A comparison to surface elemental contents for LSM powders also showed
similar La-enrichment (-100%) over ideal stoichiometry, that point to the source of poor
surface exchange on LSM. Literature reports have shown higher La content on the
surface on LSM powder and LCM sputtered thin-films with low Sr-doping, although this
level enhancement has only been observed up to -20%. Enhancement of LSM activity
via reduction La-content is in good agreement with recent ab initio studies that indicate
lower surface vacancy energetics for Mn-terminated surfaces to create higher
concentration of oxygen vacancies along the surface that enhance surface exchange
kinetics.
The results here have shown that enhancement of surface exchange on LSM
cathodes can be made by altering the surface elemental content of this material. Methods
for improving the surface properties of pristine LSM material by modified processing or
surface coating techniques will be important to further develop this cathode material for
low temperature operation.
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Chapter 7. Mechanisms of ORR in LSF
7.1 Enhanced Activity Materials for Cathodes
SOFC operation at 8000C to 10000C brings challenges of requiring expensive
ceramic interconnects, glass-based seals, high thermal stresses due to non-ideal expansion
coefficient matching and inherently long startup times. Therefore, a reduction of
operating temperature below 7000 C is of vital importance to eliminate one or more of the
factors above that is barrier to commercialization of this technology.
Although LSM is mainly an electronic conductor that limits the catalytic activity
to near the TPB, this material has shown the ability of having sufficient performance at or
even below 700 0 C, albeit, with a considerable degree of engineering and microstructural
optimization.130 147-149 However, these enhancements have not yet been proven out for
robustness or long-term operation leaving many questions to still be answered. Therefore,
to simplify cathode fabrication and development, mixed ionic electronic conducting
(MIEC) materials are ideal replacements for LSM. Previously mentioned perovskite
oxides such as LSC, LSF, LSCF and LSFN with much higher oxygen diffusivity and
surface exchange coefficient, shown in Figure 44, are ideal candidates for SOFC
operation at <7000C. More recently, Shao and Haile53 have reported Bal.xSrxCo1lyFeyO3.d
(BSCF) that exhibits significantly higher activity than the above mentioned oxides.
Experimental results have shown BSCF cathodes to have ASR values of -0.020-cm2,
-0.1 Q-cm 2 and 0.70-cm 2 at 7000C, 6000 C and 500 0 C, respectively. These reported
values are currently two to three times lower than the next best-performing cathode
material, Sml.-SrxCoO3-d (SSC).53
Integrating these advanced oxide materials with YSZ electrolyte, however, give
rise to two well known issues at the cathode/electrolyte interface:
(1) large thermal expansion mismatch
(2) poor electrode-electrolyte chemical stability
Thermal expansion coefficients (TEC) of LSC and LSCF based cathodes are on
average >20x10-6 /OC in the temperature range of 300 C to 10000 C, over twice that of
8YSZ at _10x10-6 /oC.s15 LSM is known to have thermal expansion coefficients -12x10
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6/,C over a similar temperature range (30'C to 1050 0 C) , and increases slightly with
higher Sr dopant. 151 In addition to thermal mismatch, LSC based materials have
relatively higher reactivity with 8YSZ with formation of SrZrO3 reaction products, a
detrimental insulating phase, observed as low as 900,C. 152
LSF-based cathodes, in contrast, have slightly lower average TEC of -17x1 0
6/"C,
in the temperature range of 300 C to 1000 0 C, making this material amenable for TEC
matching through the use of 8YSZ-LSF composite cathodes.' 50 The real attractiveness of
LSF, however, lies in its chemical compatibility with 8YSZ electrolyte where no reaction
products have been observed during cathode sintering up to 1400
0 C .52, 63, 64 This
exceptional stability has led to reports of even lower ASR than LSC based cathodes due
to the absence of insulating secondary phases, see Figure 72.64, 153
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Figure 72: ASR values from cathode materials on YSZ electrodes after sintering at
10000 C for ihour. Reprinted from reference 153.
In this chapter of the thesis, we apply the dense and patterned thin-film techniques
used in LSM to examine the ORR mechanisms in LSF. The LSF thin-film material is
deposited using pulsed laser deposition (PLD) techniques and subsequently processed
using similar methods as LSM. LSF-based cathodes have indicated promising results
with reduced ASR on 8YSZ electrolyte, in comparison to LSC and other advanced
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cathode materials. Here, the aim is to understand the role of bulk and TPB pathway on
LSF, examine its temperature and microelectrode geometry dependence and compare this
with the previous results from LSM.
7.2 LSF Microstructure and Phase Analysis
Similar to previously examined LSM microelectrodes, the 8YSZ film and LSF
microelectrodes on the A120 3/8YSZ/LSF system were found to be fully dense and crack-
free after bilayer annealing. The optical and electron micrograph of Pt, annealed 8YSZ
and LSF surface in the A120 3/8YSZ/LSF system are shown in Figure 73.
Cross-sectional SEM examination revealed good adhesion between the 8YSZ
electrolyte film and LSF microelectrode, as well as 8YSZ film to the substrate layer,
shown in Figure 74. From the SEM cross-section, the 8YSZ film thickness was
measured to be approximately 500nm. LSF film thickness was measured using surface
profilometry and SEM cross-section to be 110nm.
The actual LSF microelectrode sizes were found to be smaller than ideal as a
result of wet-etching with HC1, similar to the LSM microelectrodes. However, little
undercut is observed in this sample, as shown in Figure 73b. Actual LSF microelectrode
sizes obtained in this study and thickness of the sputtered films are summarized in Table
5 below. The Pt counter electrodes were found to be in good agreement with the
dimensions of the photomask used.
Table 6: Summary of ideal LSF electrode size, actual size obtained after photolithography,
apparent TPB lengths, and film thickness on A1203/8YSZ/LSF system
Ideal Square A 2O03/8YSZILSF
Size Actual Square Apparent TPB
Size Length
50p.m ~-30gm ~120•m
100 Im -80Om -320pm
1501im -120tm -480tm
200gm -170gm --680 m
LSF Thickness 110nm
8YSZ Thickness 500nm
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Figure 73: (a) Optical and (b) scanning electron micrograph showing the surface of LSF and Pt
microelectrodes supported on A120 3/8YSZ. The microelectrodes were found to be fully dense and
crack free.
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Figure 74: SEM cross section of the A120 3/8YSZ/LSF system. Cross-section SEM
micrograph show dense 8YSZ film after annealing in air at 8000 C for 10 hrs. The 8YSZ
films are found well-adhered to the substrates.
The deposited LSF films were found to be crystalline, single phase and have the
perovskite structure after annealing. XRD patterns of the annealed 8YSZ/LSF films on
A120 3 substrate is shown in Figure 75. Strong preferred orientation was observed along
the (200) Bragg reflection, showing similar type of preferred orientation with the
previously examined A120 3/8YSZ/LSM system. XRD analysis gave the expected
orthorhombic structure, however, variations in lattice parameters lead to slight peak
shifting (space group Pbnm a=5.58 A b= 5.47 A, c=7.92 A, V=243.31 A3) in comparison
to bulk Lao.sSro.2FeO3-d standards (Pbnm a=5.550 A b= 5.508 A, c=7.884 A, V=241.01
A3).154 On the other hand, XRD peaks of the 8YSZ film (space group Fm-3m, a=5.154 A,
V= 136.91 A3 )were found to be in good agreement with those of JCPDS standards (Fm-
3m, a=5.139 A3, V=135.72 A3).79
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Figure 75: XRD pattern of sputtered A1203/8YSZ/LSF film after annealing in air at 8000C
for 10hrs. X-ray patterns were collected using the glancing angle mode with an incident
angle of 100.
7.3 LSF Microelectrode Size Influence on EIS
General features of the EIS data obtained from the in-plane measurements for the
11Onm LSF microelectrodes on A120 3/8YSZ at latm P0 2 are shown and compared with
the 65nm LSM microelectrodes at 0.21atm P0 2, both tested at 7500C, in Figure 76. Given
the microelectrode testing technique used here, electronic contact between the micro-
needles and tested electrode is very important for good EIS data resolution. It is well
known that the electronic conductivity of LSF is almost one order of magnitude lower
than LSM.122 For the particular LSF samples examined here, the electronic resistance
was found to be approximately two to three orders of smaller than LSM. Due to these
challenges all EIS tests for LSF were performed at 1 atm Po 2 to enhance electronic
conductivity of the material.
From the EIS results shown in Figure 76a-b, at low frequencies, only one
semicircle arc (LF1) is observed for both LSF and LSM films with -170lm and -190gtm
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microelectrode size, respectively. At high frequencies, only a clear intercept labeled as
ALO-HF, as well as, linear impedance region labeled as ALO-W is observed. Although
the LSF and LSM microelectrodes are similar in spatial and thickness dimensions and
despite the reduced electronic conductivity for LSF, the EIS response from the LSF
microelectrode is found to be almost one order of magnitude smaller. Examination of the
impedance for LSF throughout the entire testing range, presented in Figure 76c, also
shows this to be significantly smaller than LSM, almost 2 orders of magnitude at the
lowest test temperature (5700 C) examined.
7.3.1 High Frequency Intercept
The values of ALO-HF for the LSF microelectrodes was correlated similar to the
technique used for the previous LSM study, using Equation 13, as a function of
microelectrode size. An average slope of -0.85±0.02 was observed in the plot of ALO-
HF as a function of microelectrode size, x, in Figure 77a. Although, this value is less
than the ideal -1.0 slope that is to be expected, it is taken to be relatively close to indicate
that the ALO-HF intercept can be ascribed to oxygen ion transport in the 8YSZ film.
Further examination of the Ea of the high-frequency intercept ALO-HF was made
using the expression in Equation 14 and shown in Figure 77b. Ea was again found
independent of microelectrode square size with an average of 1.14+0.03eV, showing
good agreement with previously observed activation energy for 8YSZ with the LSM
microelectrodes that was attributed to ion transport in 8YSZ.82, 84-86
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7.3.2 Linear Impedance Region
The linear impedance region was analyzed using the finite-length Warburg
element in Equation 15. From the Rw obtained in equivalent circuit fitting, the activation
energy for ALO-W was found in the range of 1.44±0.03 eV to 1.59±0.01 eV. The
activation energy observed for ALO-W with LSF falls within the observed values for
LSM and might suggest and speculate a similar surface diffusion phenomena might be
occurring.
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Figure 78: Activation energy in A120 3/8YSZ/LSF system for ALO-W diffusion
resistance, Rw, from Equation 15 as a function of LSF electrode size at latm PO2.
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7.3.3 Low Frequency Semicircle
To understand whether the bulk or TPB is the dominant pathway for ORR in LSF,
the real resistance from EIS is correlated to the microelectrode size at each test
temperature. Using Equation 18 and Equation 19, this observed dependence of resistance
to microelectrode size can then provide indications of pathway based on the slope, -1 for
TPB dominated and -2 for bulk dominated pathway for ORR.
The observed dependence of LF1 on the microelectrode size for LSF is shown in
Figure 79a. This dependence has average value of -2.77+0.22 throughout the
temperature range tested. It was previously noted for the LSM microelectrodes that
dependence less than -2 could be due to an experimental uncertainty as only four
microelectrode sizes were used in the test. Similarly, for LSF, only four microelectrode
sizes were examined. The significant feature to note is, however, that no trend in
dependence is observed and all values are below -2 that tend to indicate a bulk dominated
pathway. To further examine the slope dependence of the EIS response, the total
impedance of the LF1 semicircle plus ALO-W is examined. As shown in Figure 79b, the
dependence is still found to average at -2.28+0.18, deviating from the ideal -2 slope,
however, it is clear that a bulk dominant pathway can be assigned to the LSF
microelectrode.
The activation energy of LF 1 semicircle, as well as, the entire low frequency
impedance response (LF 1 +ALO-W) is shown in Figure 80a and 80b, respectively. The
activation energies, calculated using Equation 13, are found to range from 1.93+0.02 eV
to 2.06+0.04 eV for only LF1 and 1.93+0.02 eV to 1.71+0.03 eV for the combined
LFI+ALO-W.
146
810 -
107
c 106
Ul)
m 5
S105
104
103
40 80 120 160 200
Microelectrode Square Size (4m) (a)
109 ' ' I ........I I ..
1 . LSF
108 . - latm P02
107 -. -- -O. o
o 106 LF1+ ALO-W "A
4-'U) Temperature/Slope: 
-
n 105  a 5700 C/ -2.22 '
S6100 C/-2.56
4 6600 C/ -2.33104 0 7000 C/-2.18
v 750 0C/ -2.11
10310 1. .. ........ I ....... I .........
40 80 120 160 200
Microelectrode Square Size (ýpm) (b)
Figure 79: Real Impedance (Zre) as a function of LSF electrode size at latm P0 2 for the
110Onm thick sample; (a) LF1 (b) LF +ALO-W in the A120 3/8YSZ/LSF system. Slope of
(-1) and (-2) indicates TPB and surface/bulk/interface pathway dominance, respectively.
147
LSF
- atm P02
"-02
- -.
LF1 only
Temperature/ Slope: "Z -O
o 570OC/ -2.44
0 6100 C/ -3.06
A 6600 C/ -2.84
o 7000C/ -2.73
v 7500 C/ -2.76
r~9
0.L.
3.0
a) 2.5
2,
c 2.0
w
C
0
CU 1.5
1.0
0.5
20 40 60 80 100 120 140 160 180
Microelectrode Square Size (um)
a)
a)
U>
w
o
C.a
<
3.5
3.0
2.5
2.0
1.5
1.0
0.5
20 40 60 80 100 120 140 160
Microelectrode Square Size (um)
180
(b)
Figure 80: Activation energy as a function of LSF electrode size in A120 3/8YSZ/LSF
system at 1 atm PO2 for (a) LF 1 and (b) LF 1 +ALO-W over entire temperature range tested
(5700C to 7500C).
148
LSF
latm P02
LF1 + ALO-W
0-------. - .----.. 0 _
· · · · ·
35
-
-
-
-
Baumann and coworkers'123 have recently examined the activation energy for
Lao. 6Sro.4COl-yFeyO 3-d using similar thin-films, dense and patterned microelectrodes to
those in this study. They examined the composition range from y = 0, 0.2, 0.8 and 1.0 and
observed that activation energy scaled with y from 1.3eV, 1.3eV, 1.6eV and 1.8eV,
respectively. Based on porous Lao.sSro0.FeO3-d performance data reported by Krumpelt et
al., 64 an estimated activation energy of 1.67eV for LSF electrodes can be obtained in the
operating range of 850 0C to 6500 C. The activation energy results for the LSF thin-films
in this study is are slightly elevated in comparison to the reported literature values. Given
that the surface oxygen exchange reaction is the limiting process for the LSF thin-films,
variations in Ea could be from inherent differences in the film surface, microstructure,
composition and strain examined in this study.
The capacitance values of LF1 for these LSF films, which were obtained using
Equation 20 and Equation 21, are shown in Figure 81a as a function of temperature and
1 atm P0 2. With higher oxygen vacancy content, LSF is expected to have increased
chemical capacitance in comparison to LSM. This is confirmed by the elevated chemical
capacitance for LF I1 averaging at -3x 103 F/cm 2 for LSF against an average of -3x10 -4
F/cm 2 for LSM.
In this study, anomalous decrease were observed in the chemical capacitance for
the -170pm electrode, as shown in Figure 81a. Closer examination of the EIS from this
electrode revealed gradual merging of the LF1 and ALO-W features at elevated
temperatures and increasing electrode sizes. This gradual merging is clearly shown by
plotting (-)Zim as a function of frequency, presented in Figure 81 b. When peak
frequencies become separated by less than 1 decade in frequency, deconvolution of each
regime becomes challenging and extraction of accurate capacitance values is practically
impossible.
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7.4 Conclusions for ORR Mechanisms in LSF
The objective for this study was to examine the ORR mechanisms on LSF using
dense, patterned and thin-film microelectrode technique utilized previously for LSM.
LSF has been shown to be a viable low temperature catalyst alternative to LSM due to its
higher oxygen vacancy concentration, enhanced ORR activity and chemical stability with
8YSZ electrolyte.
For this study, thin-film and patterned LSF microelectrodes were fabricated by
pulsed laser deposition and tested using the microprobe technique at latm P0 2 to enhance
the electronic conductivity of LSF and lower contact resistance. The overall EIS
magnitude for the 11 Onm LSF films was found to be at least one to two orders of
magnitude smaller than 65nm LSM electrodes previously examined, despite its reduced
electronic conductivity, making this material more catalytically active for ORR.
Three reactions or transport processes are observed with LSF that are attributed to
(i) 8YSZ ion conduction, (ii) possibly a surface diffusion component and (iii) oxygen
surface exchange process. Throughout the testing temperature examined, 5700C to
750 0C, the dominant ORR pathway for LSF was via the material bulk, confirming the
enhanced oxygen ion transport in the lattice of this material. As a result, no TPB effects
were observed for this temperature regime.
Activation energies observed for the surface exchange on LSF, although slightly
elevated, are not far from reported literature values. The chemical capacitance was found
to be approximately 1 order of magnitude larger than that of LSM, in agreement with
expected trend of increasing oxygen vacancy content. Separation of low frequency
impedance components are found to be a challenge with larger microelectrode sizes and
elevated testing temperatures due to significant decrease in overall impedance magnitude.
This renders a featureless impedance response that is difficult, if not impossible, to
deconvolute.
151
Chapter 8. Concluding Remarks and Perspectives
The research work in this thesis focused on probing the oxygen reduction reaction
at the cathode of high temperature solid oxide fuel cells with the aim of gaining a
fundamental understanding of the reaction pathways involved, their dependence on
operating conditions, determining the relative contribution of each pathway to the overall
current, and uncovering the rate-limiting reactions during oxygen reduction. To obtain
these insights, the approach taken here was to utilize dense, thin-film and patterned
microelectrodes fabricated via thin-film deposition techniques and geometrically defined
by photolithographic methods. This microelectrode approach allows for direct
correlation of electrode/electrolyte resistance, chemical capacitance and surface exchange
coefficient obtained by impedance spectroscopy to improve the accuracy of data
interpretation and reaction mechanism attribution.
Initial oxygen reduction studies were made using A120 3/8YSZ-supported LSM
microelectrodes deposited by RF-sputtering. The LSM microelectrodes were tested as a
function of varying electrode size and thickness, electrolyte thickness, and temperature at
ambient atmosphere. Four overall reactions and transport processes were deconvoluted
for LSM that involved ion transport in 8YSZ, possible surface diffusion on LSM, the
surface oxygen exchange on LSM surface and bulk ion transport in LSM. A shift in the
rate-limiting step and oxygen reduction pathway dominance was found as operating
temperature and LSM film thickness was varied. Oxygen reduction pathway was
observed to be bulk dominated at high temperatures and shifted to TPB dominance at
reduced temperatures due to increasing resistance to ion diffusion in the LSM lattice.
Insights from this LSM study provided design principles for high surface area, thin-film
and dense LSM cathodes that can operate at or below 700 0 C, shown previously in Figure
42. This design minimizes bulk transport resistance that gives rise to the surface oxygen
exchange as the overall rate-limiting process to oxygen reduction. To further reduce ion
transport losses along the bulk of the LSM film, use of microstructures with higher
fraction of grain boundaries (i.e., nano-sized columnar grains) is essential for enhancing
oxygen ion transport along the faster grain boundary diffusion path.
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To further enhance the performance of thin-film LSM cathodes, the surface
oxygen exchange mechanism was then examined on 65nm LSM films as this serves as
one of the critical and yet least understood processes on perovskite cathode catalysts.
Examination of the surface exchange process in this study revealed the importance of
having enhanced electronic properties for the cathode material to improve surface
exchange. A step towards understanding the rate-limiting mechanism for surface
exchange was also made by correlating the Po2 dependence observed for kchem with
proposed mechanistic models. However, inconsistent rate-limiting reactions for surface
exchange are found even with the proposed models and understanding of the precise
molecular mechanism for surface oxygen remains elusive. An additional parameter
obtained in this study was the chemical capacitance of the surface exchange process that
showed capacitance scaled well with oxygen vacancy contents. To enhance the surface
exchange process, physical modifications via surface roughening, proposed in Figure 42,
or chemical alterations to improve surface electronic properties are two pathways to
increase catalytic activity.
A further improvement to LSM cathodes has been the use polarizing potentials or
imposed DC current to enhance catalytic activity for the material. Using 65nm LSM
films, the effect of polarization enhancement was examined using impedance
spectroscopy and Auger electron spectroscopy. Variations in surface chemical contents
of La was found to correlate well with enhanced ORR kinetics, reduced La concentration
on the surface improve catalytic activity. For the design of future cathode materials,
engineering of surface elemental contents will be key to obtaining enhanced catalytic
activity.
The final study made in this thesis focused on probing the oxygen reduction on
110nm pulsed laser deposited LSF films. Utilizing the microelectrode techniques
optimized previously, a bulk pathway for ORR was observed to be dominant for LSF
down to 5700 C. Three reactions and transport processes were observed for LSF that were
attributed to (i) ion transport in 8YSZ, (ii) a possible surface diffusion on LSF and the
(iii) surface exchange process on the LSF surface. Overall electrode resistance for LSF
was observed to be as much as two orders of magnitude lower than LSM. However, the
surface oxygen exchange rate for LSF was found to be slightly lower than LSM. This
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observation points to the required enhancement of electronic properties in LSF enhance
oxygen surface exchange rates.
8.1 Recommendations for Future Work
From the results obtained in this thesis, a few areas that have promising potential
for future work that could deliver better understanding of ORR mechanisms and
improved SOFC cathodes are proposed. In the case of Chapter 4 and the study of ORR
on LSM as a function of geometry and temperature, areas of further exploration are as
follows:
* Perform similar testing using varied configurations, from in-plane to cross-
plane electrolyte studies to confirm results from ORR mechanisms observed
in this work and observe effect on surface diffusion component
* Utilize real electrolyte materials (i.e., tape-cast 8YSZ) to examine ORR
mechanisms, pathways and dependence on temperature/geometry
* Utilize interlayers of varying composition (i.e. doped-ceria based materials)
between the cathode and electrolyte to determine the effect on ORR pathway
and impedance magnitude
* Vary the electrolyte material completely and observe if similar mechanisms
and pathways are observed, to isolate the cathode ORR effect
For the surface exchange studies in Chapter 5 using sub-100nm LSM films,
promising avenues for future work, in addition to the above mentioned variations, are as
follows:
* Physical modification of LSM surface, i.e. addition of surface roughness, to
determine effect on surface exchange
* Chemical modification, i.e. dopant addition or ion implantation, of LSM and
in particular LSF surface to enhance electronic conductivity material and
observe changes in surface exchange magnitude
For the polarization studies of LSM in Chapter 6, promising future work on this
area are as follows:
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* Fabrication of bilayer material with reduced La content on the surface to
improve cathode activity
* Examination of the structural effects on the cathode after polarization
* Detailed studies on the relaxation time and effect on elemental and structural
properties of the materials
Finally, for the LSF material studies in Chapter 7, promising future work on this
area are as follows:
* Further testing at even lower temperatures to determine the switch-over point
for bulk to TPB pathway dominance
* Similar to the surface exchange studies, addition of dopant to enhance
electronic conductivity and its effect on ORR impedance magnitude
* Similar to the LSM future work proposed, utilize varied configuration, i.e.
cross-plane testing, addition of interlayers and, finally utilization of real
electrolyte materials, i.e. tape-cast 8YSZ, to observe the effects of ORR
mechanisms on this.
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APPENDIX
1. Derivation for Equation 22
1 1 1
= +
Rtotal Rtpb Rbulk
Rtotal = Cx- ( ) where x is the microelectrode square size
Rota = Cx[-l+(-2-(-))y]
In = -1 + (-2 - (-1))y]ln x
= In x- 1 + y In x-2 -ylnx-
In( = (1-y)Inx- +ylnx - 2 [1]
at 7500C Rbulk = Bx - 2
n(ulk= In x- 2 [2]
at 570 C Rtpb = Ax -
In(tpb =Inx-1 [3]
plug in [2] and [3] into [1]
In ~R = (1- y) In + y ln•Rbulk
(AI-C RtbA ln(R
In =(1 - y) In +yn bulk
C Rtotal Rotal
1
since R cc -
I
In( A-YBY (1- I tpb -+ y n( Ibulk
C -total Itotal
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